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Preface 



Since the introduction of ciprofloxacin in 1987, fluoroquinolones have 
expanded far beyond their early role in the treatment of urinary tract infections. 
Clinical applications beyond genitourinary tract infections include upper and 
lower respiratory infections, gastrointestinal infections, gynecologic infec- 
tions, sexually transmitted diseases, and some skin and soft tissue infections. 
Their ease of administration, favorable pharmacokinetic properties, excellent 
tolerability, and efficacy give them enormous potential for use and misuse 
alike. Quinolones have few common adverse effects, most notably nausea, 
headache and dizziness. Less frequent but more serious adverse events include 
prolongation of the corrected QT interval, phototoxicity, liver enzyme abnor- 
malities, arthropathy, and cartilage and tendon abnormalities. While possess- 
ing many of the favorable properties of intravenous agents, most fluoro- 
quinolones offer the convenience of oral administration, thus contributing to 
decreased health-care costs through increased outpatient therapy and short- 
ened hospital stays. With the recent introduction of agents such as gatifloxacin 
and moxifloxacin, the traditional Gram-negative coverage of fluoroquinolones 
has been expanded to include Gram-positive organisms, most importantly 
Streptococcus pneumoniae. 

Several issues have arisen over the last few years with the widespread 
acceptance and use of these agents: the emergence and dissemination of resist- 
ance, the need for extensive clinical experience before we can feel confident 
about the safety of new agents, and the need for head-to-head clinical trials to 
define the optimal role of each agent. During the last decade we have seen the 
emergence and dissemination of resistance to the main pathogens for which 
these agents have been targeted, including Escherichia coli, Klebsiella spp., 
Pseudomonas aeruginosa. Neisseria gonorrhoeae. Salmonella enterica, and 
Streptococcus pneumoniae. If we had known what we know now regarding the 
pharmacokinetics and pharmacodynamics parameters of these antimicrobials 
when they were first introduced, we may have been able to prevent or slow the 
emergence of resistance by more appropriate use, especially with regards to 
agriculture. 

The approval of trovafloxacin by the Food and Drug Administration (FDA) 
in 1998 was met with great excitement by many clinicians based on its utility 
as monotherapy for numerous indications. In comparison with other available 
fluoroquinolones, trovafloxacin offered enhanced activity against anaerobic 
and Gram-positive organisms. In June, 1999 the FDA made a formal statement 
outlining recommendations for the cautious use of trovafloxacin in specific 
patient populations. Postmarketing experience revealed several cases of liver 
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toxicity associated with the use of trovafloxacin, although similar findings had 
not been documented in earlier studies. The experience magnified the limita- 
tions of information gained through clinical trials. 

Finally, we have seen the introduction of a number of new fluoroquinolones 
during the last 5 years. However, most of the clinical trials have been designed 
for equivalency and have included comparator agents in other classes. There 
are few studies which have been able to define the most optimal clinical indi- 
cation for each of these agents. 

The new fluoroquinolones should currently rarely be prescribed as first-line 
agents and should always be employed judiciously. Inappropriate use of agents 
from this important class of antibiotics will likely worsen current problems 
with fluoroquinolone resistance. 

Allan R. Ronald 

Donald E. Low August 2002 
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The history of quinolones 

Gerard Sheehan and Nicholas S.Y. Chew 

Department of Infectious Diseases, Mater Misericordiae Hospital, Eccles Street, Dublin 7, Ireland 



The first quinolone emerged in the early 1960s, with the isolation of 
7-chloro-l -ethyl- 1, 4-dihydro-4-oxoquinoline-3-carboxylic acid, a by-product 
of the commercial preparation of chloroquine. This compound was found to 
have anti-bacterial activity and was subsequently modified to produce nalidix- 
ic acid, a 1, 8-naphthyridine [1] (see Fig. 1). 

Nalidixic acid was introduced into clinical practice 2 years later after rela- 
tively limited clinical trials. Adequate studies of its use in urinary tract infec- 
tions (UTI) were carried out only after its introduction and marketing, reflect- 
ing a less stringent regulatory environment. 

Oral absorption of nalidixic acid was low with peak serum concentrations 
of <0.5 pg/ml and it was therefore unsuitable for the treatment of systemic 
infections. However, urinary concentrations of the drug were high and so its 
clinical utility was largely confined to UTIs [2]. Along with nitrofurantoin and 
methenamine, it was sometimes classified as a urinary antiseptic, and remains 
today as a useful, inexpensive agent for both upper and lower urinary tract 
infection. In vitro sensitivity to nalidixic acid was defined as an minimum 
inhibitory concentration (MIC) of 10 pg/ml or less, intermediate sensitivity as 
11-50 pg/ml, and resistance determined as >100 pg/ml. In vitro, nalidixic acid 
demonstrated excellent activity against enterobacteriaceae, but little or no 
activity against Pseudomonas aeruginosa. Of 125 enterobacteriaceae isolated 
from women with clinical UTIs, 117 demonstrated exquisite sensitivity with 
MICs <15 pg/ml. Conversely, 25 of 25 isolates of P. aeruginosa from such 




Figure 1. Structure of chloroquine and nalidixic acid 
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patients were highly resistant, with MIC >100 pg/ml. In the same study, 25 of 
25 isolates of Enterococcus faecalis from these patients were highly resistant 
with MICs >100 pg/ml. Nalidixic acid was also shown to have poor activity 
against other Gram-positive bacteria [3, 4]. 

Nalidixic acid was well tolerated and widely accepted for the therapy of uri- 
nary tract infections in the 1960s and 70s. A randomised controlled trial in 
patients with upper tract infection comparing nalidixic acid to cephalexin 
showed a lower relapse rate in patients receiving nalidixic acid [5]. This was 
the earliest evidence that antimicrobial agents with mechanisms of action other 
than cell wall disruption may be superior in the hypertonic milieu of the upper 
urinary tract. Unfortunately, no studies of nalidixic acid as single dose or short 
course therapy were done for lower urinary tract infections. Nalidixic acid’s 
incomplete absorption was associated with high faecal concentrations, and it 
was found to be useful for shigella dysentery, but never widely used for this 
indication. Its lack of anaerobic and Gram-positive activity made it attractive 
as a selective agent in the bowel as prophylaxis for neutropenic patients. In the 
early 1980s, it was shown to be equivalent to co-trimoxazole for this indica- 
tion, but was never widely used, as the new fluoroquinolones, norfloxacin and 
ciprofloxacin superseded it. 

After its introduction into widespread clinical use, several significant 
adverse effects were noted, including headaches, gastrointestinal and visual 
disturbances, photosensitivity reactions and more frequent convulsions in 
seizure prone patients. Less frequent side-effects included drowsiness, toxic 
psychoses and haemolytic anaemia in patients with glucose-6-phosphate 
dehydrogenase deficiency. Its short half-life necessitated six hourly adminis- 
trations, so that either amoxycillin or co-trimoxazole was often chosen in pref- 
erence. Concern arose regarding the emergence of resistance on therapy, espe- 
cially in those with complicated UTI. Ronald et al. (1966) [3] studied nalidix- 
ic acid in a highly selected group of 50 patients at a referral centre, many of 
whom had failed previous antimicrobial agents but the majority of whom were 
without demonstrable structural abnormalities of the urinary tract. Most 
received nalidixic acid 500 mg qid for 6 weeks. Persistence of bacteriuria 
occurred in 22 out of 50 patients. Thirteen of the 50 patients had an initially 
sensitive organism but failed to clear it and developed a highly resistant strain. 
In contrast, Stamey et al. (1976) [4], using a dose of 4 gm per day, reported the 
development of resistance on therapy in only 7% and minimal selection of 
resistance in the faecal flora. These conflicting results may reflect the differ- 
ence in dosage or the select nature of the patients studied. 

Other early compounds (see Fig. 2) such as rosoxacin, oxolinic acid and 
cinoxacin were found to be active against most Gram negative organisms, with 
sufficient concentrations in the prostate, and urethral secretions [6]. Their use 
was limited to urinary tract infections and they did not achieve a significant 
market share. The development of pipemidic acid with the addition of a 
7-piperazine side chain in the late 1960s allowed better penetration of the bac- 
terial cell wall, conferring improved activity against P. aeruginosa as well as 






Figure 2. First generation quinolones 



some Gram-positive bacteria. Another early modification was the addition of 
a 6-fluorine group giving flumequine, first introduced in the early 1970s. This 
compound was found to have better action against Gram-positive bacteria [7]. 

By the late 1970s, norfloxacin was developed, combining both the 7-piper- 
azine and 6-fluorine group in its structure. It was launched in 1984 and is 
regarded as the first modem fluoroquinolone. It proved highly active against 
enterobacteriaceae, Haemophilus influenzae, Pasteurella multocida, 
Aeromonas hydrophila, neisseria spp. and P. aeruginosa. It was marginally 
active against streptococci and staphylococci, and was not active against 
anaerobes, C. trachomatis, mycobacteria or mycoplasma (see Tab. 1) [8]. It 
had an oral bioavailability of 50%, with high faecal concentrations. Volume of 
distribution was high and exceeded total body water content but the peak 
semm concentration was marginal at 1 .5 pg/ml. Thus norfloxacin was consid- 
ered adequate for systemic infections due to highly sensitive organisms but 
only reliably effective against P. aeruginosa in the urinary tract. Nevertheless, 
this was a significant advance as P. aeruginosa was increasingly recognised as 
a significant nosocomial urinary pathogen. Previously, the only oral anti- 
pseudomonal agent for UTI had been indanyl-carbenicillin. Norfloxacin was 
effective as an oral agent for both simple and complicated urinary tract infec- 
tions [9], as well as the prevention and treatment of travellers’ diarrhoea, the 
treatment of bacterial enteritis and enteric fever and the prophylaxis of Gram- 
negative infections in neutropenic patients. It was also effective in the treat- 
ment of uncomplicated gonococcal infections, including those caused by peni- 
cillinase producing N. gonorrhoeae (PPNG). In the 1980s, norfloxacin was 
widely used for urinary tract infections and gonococcal urethritis. The intro- 
duction of norfloxacin signified the beginning of a period of rapid develop- 
ment of other oral second-generation quinolones including pefloxacin. 
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Table 1. Activity of norfloxacin, ciprofloxacin, ofloxacin and pefloxacin in vitro 



Species 


90% minimal inhibitory concentration (pg/ml) 


Norfloxacin 


Ciprofloxacin 


Ofloxacin 


Pefloxacin 


S. aureus 


6.3 


1.0 


0.4 


0.5 


S. pyogenes 


6.3 


2.0 


3.1 


- 


S. pneumoniae 


16.0 


2.0 


2.0 


8.0 


enterococci 


8.0 


4.0 


6.2 


4.0 


E. coli 


0.12 


0.03 


0.12 


0.25 


salmonella/shigella 


0.06 


0.02 


0.12 


0.25 


P. aeruginosa 


2.0 


0.5 


2.0 


2.0 


N. gonorrhoeae 


0.06 


0.01 


0.06 


- 


C. jejuni 


0.5 


0.12 


0.25 


0.5 


H. influenzae 


0.06 


0.01 


0.03 


0.06 


B. fragilis 


>128 


8.0 


8.0 


16.0 


M. tuberculosis 


8.0 


1.0 


1.3 


8.0 


C. trachomatis 


25.0 


1.6 


0.8 


- 



enoxacin, fleroxacin, ciprofloxacin and ofloxacin. Of these, only ciprofloxacin 
and ofloxacin became widely established for the treatment of infections at sites 
other than the urinary tract. Ciprofloxacin, released in 1987, was the first 
quinolone to become available intravenously. 

In comparison with the first generation quinolones, ciprofloxacin had 
improved activity against a broad spectrum of Gram-positive and Gram-nega- 
tive bacteria, mycobacteria, mycoplasma and legionella spp. It also showed 
good oral bioavailability, allowing for a stepdown from intravenous to oral 
therapy in hospitalised patients with serious systemic infections, a significant 
cost containment benefit. However, antimicrobial resistance later became a 
concern, particularly with Staphylococcus aureus, enterococcus spp. and R 
aeruginosa. 

Ciprofloxacin was the first orally available antimicrobial agent with reliable 
activity against P. aeruginosa at sites other than the urinary tract. Its low toxi- 
city made it a more attractive option than aminoglycosides. Its reliable oral 
absorption meant that it could be less costly than third generation 
cephalosporins or extended spectrum penicillins and its lack of anaerobic 
activity minimized the disturbance of the normal gastrointestinal flora. The 
incidence of diarrhoea due to Clostridium difficile superinfection was thought 
to be lower than with other broad- spectrum agents. It was also an alternative 
agent for atypical pulmonary infection, with reliable activity against legionel- 
la, mycoplasma and chlamydia. Serum peak concentration was 1 .5 pg/ml with 
a half-life of 3.3 h and a high volume of distribution of 348 litres, reflecting 
excellent intracellular penetration [10, 11]. 

Unexpected drawbacks included rare case reports of failures and deaths due 
to septicaemia from Streptococcus pneumoniae and Streptococcus pyogenes. 




The history of quinolones 



5 



The susceptibilities of these organisms were borderline, especially in relation 
to serum levels. Other disadvantages that emerged included significant drug 
interactions. Oral iron and sucralfate virtually abolished ciprofloxacin absorb- 
tion [12, 13]. Dairy products and antacids were also shown to significantly 
reduce oral bioavailability. Its concomitant use with non-steroidal anti-inflam- 
matory drugs (NSAIDs) increased the risk of seizures in patients with epilep- 
sy. The use of theophylline and ciprofloxacin together caused a doubling of 
theophylline levels. These concerns later extended to other second and third 
generation quinolones. Chondrotoxicity of ciprofloxacin (and other 
quinolones) was observed in immature animals, effecting articular cartilage 
and the epiphyseal growth plate. Use of ciprofloxacin in paediatrics and preg- 
nancy was restricted, although retrospective reviews of nalidixic acid use in 
children prior to the 1980s revealed no cases of chondropathy or arthropathy. 
In adults, there were cases of tendinitis manifesting as arthralgia and rarely 
tendon rupture occurring as late as several months after treatment with 
ciprofloxacin and later other quinolones. 

Ofloxacin was initially developed in the mid 1980s and approved by the 
United States Food and Drug Administration (FDA) in 1990, and challenged 
ciprofloxacin for market share throughout the 1990s. In comparison with 
ciprofloxacin, ofloxacin was more rapidly absorbed from the gastrointestinal 
tract, with higher serum concentrations and a longer half-life [10, 11, 13-17]. 
Most enterobacteriaceae, enteropathogens and fastidious Gram-negative bac- 
teria were highly susceptible, with MICs less than 2 pg/ml. However the MICs 
of P. aeruginosa were generally lower for ciprofloxacin, which has remained 
the quinolone of choice for infections due to this organism. Obligate anaerobes 



0 0 0 






Figure 3. Second-generation quinolones. 
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are usually resistant to ofloxacin, whereas, chlamydia, legionella, mycoplasma 
and many mycobacteria are susceptible (see Tab. 1) [14, 15, 17]. Both cipro- 
floxacin and ofloxacin were effective in the treatment of septicaemia, infec- 
tions of the skin and soft tissues, urinary tract, intra-abdominal, pelvic and res- 
piratory tract infections, as well as gonococcal and non-gonococcal urethritis 
and prophylaxis and treatment of spontaneous bacterial peritonitis secondary 
to cirrhosis. 

In the early 1990s, the area under the concentration-time curve (AUC) to 
MIC ratio (AUIC), was shown to be the most important predictor of outcome 
in a study of critically ill patients receiving ciprofloxacin [18]. This seminal 
work was part of an improved understanding of the pharmacodynamics of 
antimicrobial agents in general. The 1990s also brought a clearer understand- 
ing of the mechanisms of action and structure function relationships of 
quinolones [19]. The constant structural feature is a bicyclic aromatic core 
consisting of two fused six-membered rings, with variations in substituents 
explaining differences in spectrum of activity, potency and adverse effects. The 
R1 moiety influences anti-bacterial potency and theophylline interaction, with 
a cyclopropyl substituent optimal for activity, present in ciprofloxacin and in 
all the new third generation agents other than levofloxacin and trovafloxacin. 
A carboxylic acid group at position 3 and a carbonyl group at position 4 is 
present in all fluoroquinolones and is important in binding the DNA/DNA 
gyrase complex, in cell entry and for the interaction with magnesium, alu- 
minium and iron. The R5 substituent influences Gram-positive activity with an 
amino group optimal, as found with sparfloxacin. However it also influences 
phototoxicity and genetic toxicity. The C6 position has a fluoro substituent in 
all of the second and third generation agents, hence the ‘fluoro’ nomenclature. 
The R7 substituent controls gamma-amino-butyric acid (GABA) binding and 
hence adverse events in the central nervous system (CNS), especially convul- 
sions. It is also important for NSAID potentiation of CNS adverse events and 
the interaction with theophylline. Variations in R7 also influence anti-bacteri- 
al potency and spectrum as well as pharmacokinetics. Position 8 influences 
anti-anaerobic activity, but also phototoxicity, which is greatest with a halogen 
substituent, as with fluoro for sparfloxacin and chloro for clinafloxacin. A 
methoxy substituent here (moxifloxacin, gatifloxacin) gives excellent anti- 
anaerobic activity with low toxicity. These various structure/function relation- 
ships provide a framework for understanding the increased spectrum and 
potency of the new quinolones as well as the unexpectedly serious adverse 
events revealed in post-marketing surveillance (PMS) which necessitated the 
withdrawal of some of the most promising agents soon after licensing in the 
1990s (see Fig. 4). 

The new third generation quinolones had better pharmacokinetic properties, 
along with greater activity against anaerobes. Gram-positive cocci, especially 
resistant S. pneumoniae, and ciprofloxacin resistant aerobic Gram-negative 
bacilli. Temafloxacin was approved in the United States in January 1992, but 
withdrawal occurred 4 months later because of a syndrome of immune 




The history of quinolones 



7 



Ri controls theophylline interaction and genetic 
toxicity 

R2 no side effects associated with this position 
R5 influences phototoxicity and genetic toxicity 
F no side effect reported from this group 

Ry controls GABA binding, theophylline interac- 
tion 




Figure 4 . Quinolone structure-side-effect relationship. 



haemolytic anaemia sometimes with multi-organ failure that became known as 
the Temafloxacin Syndrome” [20]. One hundred and fourteen cases were 
spontaneously reported to the FDA, during a period when an estimated 
189,000 prescriptions were issued. Most had haemolysis (95) and/or multi- 
organ dysfunction (90), consisting of renal or hepatic abnormalities or coagu- 
lopathy. The typical presentation was of fever, jaundice, nausea, vomiting, 
abdominal pain, myalgia, and back pain, with resolution occurring within days 
or weeks following discontinuation. Dialysis was required by 34 patients, CNS 
complications developed in four of these, and two patients died. In a total of 
ten patients, the syndrome developed after exposure to only one dose. The syn- 
drome may have been due to an immune-complex mediated haemolytic 
anaemia. 

Four other major adverse reactions were associated with third generation 
quinolones, namely convulsions, phototoxicity, prolonged electrocardiograph- 
ic Q-Tc interval, and hepatotoxicity [21, 22]. Hepatotoxicity caused 
trovafloxacin to be suspended. One hundred and forty trovafloxacin-treated 
patients developed hepatic problems, 14 of which were severe, and eight 
required transplantation. Cardiotoxicity associated with grepafloxacin, and 
phototoxicity caused by clinafloxacin caused both to be withdrawn. 
Phototoxicity has been described for all quinolones, but derivatives with a 
halogen atom at position 8 show the highest potential for such reactions. 
Fleroxacin, sparfloxacin, clinafloxacin and lomefloxacin belong to this group 
of fluoroquinolones. Prolongation of the Q-Tc interval emerged as a class 
effect of concern, especially for sparfloxacin and grepafloxacin. The new 
8-methoxy quinolones, moxifloxacin and gatifloxacin, are without evidence of 
these adverse effects. Postmarketing surveillance of moxifloxacin in Germany 
has revealed no additional concerns to date. They are more potent against both 
penicillin-susceptible and multidrug-resistant S. pneumoniae, while retaining 
activity against enterobacteriaciae. 

Ciprofloxacin, ofloxacin and levofloxacin have maintained excellent safety 
profiles. Levofloxacin, the levo isomer of ofloxacin, has achieved a dominant 
role in the therapy of community acquired pneumonia and has demonstrated 
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clinical efficacy in the treatment of genitourinary and skin infections, acute 
bacterial sinusitis, and infections of the head and neck. For community 
acquired pneumonia, of sufficient severity to require admission to hospital, it 
has displaced the previous standard of a combination of a second or third gen- 
eration cephalosporin with a macrolide, giving an equivalent or superior effi- 
cacy, with reduced adverse events, costs and duration of hospitalisation. The 
half-life (Tl/2) of levofloxacin is nearly 8 h, and it can be administered once 
daily for mild to moderate infections and twice daily for more serious infec- 
tions. 

The adverse drug reaction rate (ADR) associated with individual fluoro- 
quinolones was reviewed in a 5 -year PMS in Japan and in European and inter- 
national data from approximately 130 million prescriptions [23]. The ADR 
was 1.3% to 2% for levofloxacin, compared to rates of 2-10% for other fluo- 
roquinolones. Gastrointestinal effects were the most common adverse events 
for all fluoroquinolones. Levofloxacin had a low rate of hepatic reactions 
(1/650,000). Levofloxacin, ofloxacin, and moxifloxacin had the lowest poten- 
tial of inducing CNS adverse events. Cardiovascular problems were seen in 
1/15 million levofloxacin prescriptions compared to 1-3% of sparfloxacin 
patients having QTc prolongation of greater than 500 ms. Ofloxacin and lev- 
ofloxacin had a very low phototoxic potential. 

Quinolones have evolved in the last five decades from a small, relatively 
unimportant group of drugs used predominantly for UTIs to a class with mul- 
tiple applications and broad- spectrum antimicrobial cover (see Tab. 2). In the 
wake of the September 11th 2001 terrorist attack, ciprofloxacin became a 
focus of media attention, as the prophylactic antimicrobial agent of choice for 
the prevention of pulmonary anthrax [24]. Studies in macaques showed that it 
was effective and possibly superior to penicillin and other agents. It was pre- 
scribed for 60 days for this purpose. There was a worldwide run on stocks and 
debate raged about national reserves of the agent and about production outside 



Table 2. Examples of fluoroquinolones in clinical use 



Generation 


FDA approval 


Generic name 


Trade name/manufacturer 


First 




Nalidixic acid 


NegGram®/Sanofi 


Second 


1986 


Norfloxacin 


Noroxin®/MSD 




1987 


Ciprofloxacin 


Ciproxin®/Bayer 




1990 


Ofloxacin 


Floxin®/Ortho 




1991 


Enoxacin 


Penetrex®/Aventi s 




1992 


Lomefloxacin 


Maxaquin®/Searle 


Third 


1996 


Levofloxacin 


Levaquin®/Ortho 




1996 


Sparfloxacin 


Zagam®/Aventis 




1999 


Gatifloxacin 


Tequin®/BMS 


Fourth 


1997 


Trovafloxacin 


Trovan®/Pfizer 




1999 


Moxifloxacin 


Avalox®/Bayer 
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of its patent. The growth of quinolones is likely to continue and they are like- 
ly to remain a central part of the anti-bacterial armamentarium for many 
decades into the 21st century. 

Important lessons from the experience of the past decade surely include that 
we cannot be confident about the utility or superiority of an agent in develop- 
ment based solely on the results of in vitro studies, knowledge of chemical 
structure and clinical trials to phase III. The latter generally have been pow- 
ered to show equivalence to standard therapy with regard to efficacy. Larger 
sized trials are desirable to detect important differences in efficacy for specif- 
ic clinical syndromes. Of greater importance, larger sized trials might have 
better detected adverse events. However some of these were so uncommon that 
the past decade has shown us the vital importance of post marketing surveil- 
lance for all new drugs. 
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Introduction and history 

The first of the antiinfective agents belonging to the quinolone class was dis- 
covered 50 years ago. Since that time many thousands of analogs have been 
prepared and nearly two dozen examples have found clinical use. New agents 
are still being introduced at a significant pace and research continues to be 
intensive in this area. With the passage of time and the accretion of more and 
more evidence, a deeper understanding of how these agents work and the 
structural characteristics required for significant activity and freedom from 
toxicity has been achieved. The purpose of this chapter is to provide a sum- 
mary view of the present state of the art. It is important, however, to bear in 
mind that several surprises have upset our confidence in the generality of con- 
ventional wisdom. This has occurred already several times in this therapeutic 
area and constitutes a warning against uncritical reliance on overinterpreted or 
generalized beliefs. 

The structural and historic relationships between the various clinically used 
quinolones is set forth in cartoon form in Figure 1 . The structures and approx- 
imate dates of introduction of these molecules are presented in Figure 2. For 
comparative purposes, the names and abbreviated antimicrobial spectra of the 
commercially significant quinolones are tabulated in Table 1 . From all this it 
is apparent that the 4-quinolone and the 1,8-naphthyridine ring systems were 
intermingled from the outset. This continues to date. The mainline connects 
nalidixic acid with moxifloxacin and interest in the field became particularly 
notable with the discovery of norfloxacin. The early agents are of relatively 
minor modem significance because of limited therapeutic value (primarily 
against urinary tract infections) and the ease with which bacteria become 
resistant to them. With the discovery of norfloxacin, potency was enhanced 
and the spectmm was broadened sufficiently to approximate that of many fer- 
mentation-derived agents of continuing interest. With its discovery, the inclu- 
sion of C-6 fluorine and C-7 cyclic amines became standard in the field. 
Norfloxacin was still restricted, however, primarily to the treatment of urinary 
tract infections caused by Gram-negative microorganisms because oral admin- 
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The structural family tree of the quinolones. 

Figure 1. Structural and historical relationships between clinically useful quinolone antiinfective 
agents. 



istration produces comparatively low serum concentrations. With the subse- 
quent discovery of ciprofloxacin and ofloxacin, broad-spectrum general-pur- 
pose orally active antiinfective agents were in hand against which resistance 
develops comparatively slowly. Subsequent developments have resulted in 
molecules with a shift in emphasis towards treatment of streptococcal infec- 
tions (levofloxacin, gatifloxacin, clinafloxacin and moxifloxacin, for exam- 
ple), anaerobic (trovafloxacin, gatifloxacin, moxifloxacin, clinafloxacin and 
sitafloxacin, for example) and resistant microorganisms. 

In Figure 1 one can discern two offshoots and a modification in the main- 
line, each of which required the use of novel chemistry (as did the discovery 
of ciprofloxacin) and whose members can be used for a wide variety of seri- 
ous systemic infections. The key structural changes that produced these mole- 
cules are the introduction of an N-cyclopropyl group starting with 
ciprofloxacin and continuing with sparfloxacin, grepafloxacin, gatifloxin and 
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B. The mainline (continued) 




CH 3 g 

\^C02H 




N' 



HN^ k 

Grepafloxacin 



1997 

O 



HN^J OCH3 

Gatifloxacin 
1999 

C. The N-1 Aryl branch 




CO2H 



O 



HoN 










CO2H 



Tosufloxacin 




5 y^N 

HN 




1999 



CO2H 



Temafloxacin 



1990 F 

D. The N-1 to C-8 tricyclic series 



1991 




F 
H2N 



•4^ 




CO2H 






Trovafloxacin 
1998 F 





HfO HjCnA sA 

Ofloxacin Rufloxacin 

1985 ^992 




CO2H 



Levofloxacin 

1993 




Nadifloxacin 

1993 



Figure 2. (Continued.) 



and trovafloxacin. All three of these series violate the previous consensus that 
N-1 should be substituted with a small, non-polar substituent. 




Structure-activity relationships of quinolones 



15 



Table 1. Commercially significant quinolone antiinfective agents with abbreviated in vitro antimicro- 
bial spectra 



Quinolone 


S. aureus 


S. pyogenes 


E. coli 


Ps. aeruginosa 


Nalidixic acid 


>100 


>100 


6.3 


>100 


Oxolinic acid 


>100 


>100 


0.2 


6.3 


Pirimidic acid 


50 


>100 


25 


>100 


Pipemidic acid 


50 


>100 


1.6 


6.3 


Miloxacin 


6.3 


100 


0.4 


12.5 


Rosoxacin 


0.4 


12.5 


0.2 


6.3 


Cinnoxacin 


>100 


>100 


3.1 


>100 


Norfloxacin 


0.8 


1.6 


0.025 


0.2 


Pefloxacin 


0.2 


0.8 


0.025 


0.4 


Enoxacin [1] 


0.39 


4.0-8.0 


0.05 


0.39 


Ciprofloxacin 


0.1 


0.39 


0.012 


0.05 


Lomafloxacin 


1.0 


8.0 


0.12 


1.0 


Sparfloxacin 


0.05 


0.39 


0.0125 


0.39 


Grepafloxacin [2] 


0.1 


0.39 


0.1 


0.78 


Gatifloxacin [3] 


0.05 


0.16 


0.02 


0.72 


Moxifloxacin [4] 


0.03 


0.25 


0.015 


>32 


Tosufloxacin 


0.05 


0.25 


0.02 


0.2 


Temafloxacin [5] 


0.06 


1.0 


0.06 


1.0 


Trovafloxacin [6] 


0.03 


0.12 


0.02 


0.5 


Ofloxacin [7] 


0.25 


2 


0.05 


2 


Levofloxacin 


0.12 


0.5 


0.008 


0.12 


Rufloxacin [8] 


0.78 


2.0-8.0 


0.78 


12.5 


Nadifloxacin [9] 


0.024 


- 


0.39 


3.13 



As will be seen in a later section, the second millenium may see the appear- 
ance of novel agents lacking the C-6 fluorine or the 2-pyridones in which the 
N-1 nitrogen has been exchanged with the C-4a carbon. These latter families 
are yet to realize their clinical promise but are under intensive investigation. 
Their potencies are high and they promise to deal with infections resistant to 
the lesser active present agents. 



A brief review of reviews 

The first review of the quinolone antiinfectives was that of Albrecht [10] 
whose conclusions were based upon examination of the properties of the first 
several hundred analogs. In general, it was asserted that the N-1 substituent 
should be non-polar, aliphatic and small. No useful alterations were reported 
at carbons 2-4, little work involved carbons 5 and 8. Changes at carbon 6 were 
restricted to CH and its bioisosteres (N and S, for example) while significant 
structural variations were allowed at C-7. Work in the next decade indicated 
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that the restrictions imposed by these teachings on C-1 were premature. 
Introduction of the cyclopropyl moiety as a profoundly useful change and the 
finding that N-1 could be bridged to C-8 in the form of a suitably substituted 
six-membered ring and, further, that the chirality of the group attached to N-1 
was important were also key events from a chemical viewpoint. Albrecht had 
no such examples to draw from and his conclusions actually taught away from 
some of these useful alterations. More than a dozen reviews of quinolone prop- 
erties have appeared in the last decade [1 1-27] and these considerably expand 
our understanding of the influence of structure and activity in this series and 
encompass these new beliefs. The reviews appearing in 1990 include primari- 
ly the advances of the decade of the 1980s. In the last decade, this trend con- 
tinues with particular note being the introduction of N-1 aryl substituents. 
These molecules were unanticipated by Albrecht and were only slightly fore- 
cast by the reviews of 1990. Three such substances have now seen clinical use. 

Newer substituents such as the tert-butyl moieties at N-1 saw considerable 
exploration without, however, producing clinically useful examples. 
Continued examination of novel ring systems, with emphasis on N-1 involve- 
ment, saw the double bioisosteric interchange leading to the very potent 
2-pyridones. These have seen very extensive evaluation and will be covered by 
a section of its own in the following. 

Near the close of the decade it was found that the nearly ubiquitous C-6 flu- 
orine moiety could be dispensed with if the rest of the ring system were appro- 
priately substituted. This important development reinforces the gathering con- 
viction that there is “cross-talk” through the fused aromatic ring system such 
that substituent effects are often non-additive and so re-optimization of struc- 
tures could pay useful benefits. 

The realization that the antimicrobial spectrum of the quinolones often 
involves action against both bacterial DNA gyrase and topoisomerase IV and 
that toxicity involves action against mammalian topoisomerase II requires the 
simultaneous manipulation of structure-activity relationships against all three 
of these enzymes. This makes a difficult job even more difficult. Finding the 
best compromise among these contending cellular targets suggests that the 
future will see the introduction of special purpose quinolones rather than a 
continuing quest for perfection in the form of a single “utopiafloxacin”. 



Introduction of new targets for (fluoro)quinolones 

When the quinolones were first discovered their cellular target was complete- 
ly unknown so that advances were made entirely empirically. Ultimately, sev- 
eral bacterial and human topoisomerases were discovered and some of these 
were shown to be the targets of the quinolones. These enzymes have yet to be 
crystallized although an X-ray structure is available for a large fragment [28]. 
Thus the specific molecular mode of action of these drugs is as yet based upon 
hypothesis. These hypothetical proposals have proven to be useful to chemists 
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and have led to the semi-rational design of novel agents of significant value. It 
was long a puzzle to chemists that it was so hard to develop truly broad spec- 
trum quinolones. An important piece helping to rationalize this conundrum fell 
into place early in the decade of the 1990s when bacterial topoisomerase IV 
was discovered [29]. It quickly became apparent that many of the available 
agents showed activity against both of these enzymes and that whereas anti 
Gram-negative activity often depended strongly upon activity against DNA 
gyrase, activity against Gram-positives often particularly involved potency 
against bacterial topoisomerase IV. A number of the clinically useful mole- 
cules possess different blends of action against all three of these enzymes 
(including human topoisomerase II). 

The action of the topoisomerases involves separation of the two strands of 
double-helical DNA preliminary to enzymic action leading to replication and 
transcription. The act of separation produces conformational strain (over wind- 
ing) that can be relieved by cutting the strands, holding on to the cut strands, 
opening a molecular gate through which the uncut portion of the DNA mole- 
cule is passed, and then resealing the molecule in its new, strain free, confor- 
mation. Energy in the form of ATP is consumed in this process. DNA gyrase 
operates within a given DNA molecule whereas topoisomerase IV separates 
the intertwined (catenated) daughter molecules following replication. The 
action of both enzymes is essential for access to a cell’s DNA and its appro- 
priate functioning. Quinolones bind to form a non-functional ternary complex 
involving enzyme, substrate and drug that can neither dissociate back to its 
components nor progress to final products. The consequences are rapidly 
lethal to the cell. The selective toxicity of quinolones is a consequence of the 
fact that mammals do not have DNA gyrase but rather have a similarly func- 
tioning isoenzyme, mammalian topoisomerase II. The latter enzyme is much 
less sensitive to the action of the quinolones. 

Resistance to the quinolones is due to protein-mediated expulsion of the 
drugs from bacterial cells and to alterations in the structure of either of the tar- 
get bacterial enzymes. No indications exist as yet that bacteria are able to inac- 
tivate these drugs by altering their structures through enzymatic action. 

It is apparent that some quinolones also possess significant activity against 
human topoisomerase II and that this can lead to unacceptable toxicity. The 
problem of finding agents with negligable activity against this enzyme but 
potent activity against the two bacterial enzymes is not going to be easy. 



Structure-activity relationships of classical quinolones 

The structure-activity relationships of classical quinolones, including both the 
4-0X0- 1,4-dihydroquinoline and 4-oxo-l,4-dihydronaphthyridine systems, 
have been extensively reviewed in the past [10-27]. The ring and numbering 
systems for these two classes are illustrated in Figure 3. In this section, we will 
emphasize recent developments in this area. Readers should refer to the 




18 



L.A. Mitscher and Z. Ma 



Core Structures of Classical Quinolones 




8 1 8 1 



4-0X0-1 ,4-dihydroquinoline 4-oxo-1 ,4-dihydronaphthyridine 
Figure 3. The core structures and numbering systems for the classical quinolone antiinfective agents. 



original reviews synopsized in section 2 for more detailed information relating 
to the structure-activity relationships developed in the early era. The structure- 
activity relationships of some non-classical quinolones, including 2-pyridones 
and non-fluorinated quinolones, will be discussed in a separate section below. 

Historically, for clarity of discussion, the structure-activity relationships 
associated with each atom of the core ring systems of the quinolones has been 
discussed independently. We will continue with this tradition but the reader 
should keep in mind that the structure-activity relationships for moieties at a 
particular position are often influenced by substituents at other positions in the 
molecule. Thus an optimal group at one particular position is meaningful only 
when it is discussed in context of functional groups at other positions in the 
molecule. The cause of this phenomenon is usually attributed to the fully aro- 
matic character of the central ring system. Thus electronic influences are read- 
ily transmitted through the molecular framework to distant atoms. 



Modification of N-1 position 

Structure-activity relationship studies in the early era suggested that the opti- 
mal groups to be attached to the N-1 position were relatively hydrophobic and 
relatively small [10]. Only ethyl and a few bioisosteric replacements (such as 
the methoxy group of miloxacin) were present in the quinolone drugs of the 
classic era. A few representative examples of the best N-1 moieties known 
today are ethyl, cyclopropyl, and 2,4-difluorophenyl groups [15]. The N-1 
substituent is believed either to be interacting with a hydrophobic pocket in the 
drug-DNA-enzyme ternary complex, or to be forming a tail-to-tail hydropho- 
bic interaction when the drug binds to DNA gyrase or topoisomerase IV. 
Recent publications continue to support these notions. Compounds with a 
hydrophilic group or compounds with bulky substituents at the N-1 position 
are usually significantly less active than their counterparts with a smaller, 
hydrophobic N-1 substituent [30-33]. 

Some novel N-1 groups have been explored recently. The data in Table 2 
illustrates that attaching a cis-fluoro group to the cyclopropyl moiety provides 
a series of analogues with similar antibacterial activity to that of their non-flu- 
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Table 2. Comparison of in vitro MIC and cytotoxicity for quinolones with variation at the N-1 posi- 
tion 



O O 




R1 






MIC (pg/ml) 






Micronucleus 

test 

(150 mg/kg) 


Ref 




Sa 

Cip-R 


Sa 

Cip-S 


Ef 


Spy 


Ec 


Pa 






0.015 


- 


0.12 


0.06 


<0.004 


0.12 


Positive 


[35] 


-<r'^ 


0.008 


0.25 


0.12 


0.06 


<0.004 


0.12 


Negative 


[35] 


Levofloxacin 


0.12 


4 


1 


1 


0.008 


0.12 


- 


[35] 



orinated counterpart. However, these compounds were less cytotoxic in the 
micronucleus test in the bone marrow of mice than were their non-fluorinated 
analogues (Tab. 2) suggesting that they might be safer [34]. 

Another interesting modification to the N-1 position results from introduc- 
ing an amino group into the N-l-difluorophenyl functionality or its pyidinyl 
equivalent. This modification results in a series of analogues with potent anti- 
bacterial activity and improved toxicity profiles [35-38]. Table 3 summarizes 
data for two of these compounds. The N-1 3 -amino-2, 4-difluorophenyl ana- 

Table 3. Comparison of in vitro MIC for quinolones with variation at the N-1 position 



O O 




/i X 0.025 0.78 0.025 0.025 0.78 [35] 

NH2 

I| 0,05 6.25 0.10 0.025 1.56 [36] 

N NH2 

Ciprofloxacin 1.56 >100 6.25 0.05 6.25 [36] 
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logue was highly efficacious in murine subcutaneous and respiratory tract 
infection models. The compound did not show any phototoxicity or convulsive 
activity upon co-administration with biphenylacetic acid in mice. The pyridyl 
analogue was less interesting. 

Thus the last decade has seen a considerable revision of thought relating to 
the groups that are tolerable at the N-1 position. 



Modification of C-2 position 

Classically only small substituents (such as the position 2-nitrogen atom of cin- 
noxacin) or, alternatively, only when a larger group is cyclized to the N-1 or C-3 
position, are consistent with significant activity. There are a few recent reports 
detailing attempts at modification of the C-2 position. One such report 
describes the attachment of a methyl or a phenyl group to the C-2 position while 
leaving the N-1 position unsubstituted. The authors report that these com- 
pounds showed interesting activity against both Gram-positive and Gram-neg- 
ative bacteria although this was slightly weaker than with norfloxacin [39]. The 
unexpected activity of these compounds is clearly against the conventional wis- 
dom based upon previous work. Table 3 illustrates that when a sulfur sub- 
stituent is linked to the N-1 position to form a four-membered ring, compounds 
with potent activity can be obtained [40-41]. The stereochemistry of the bridge 
substituent appears to be very important to the antibacterial activity. The 
(-)-isomer of the fluoromethyl analogue showed two to 64-fold better activity 
than the (+)-isomer. This suggests that the C-2 position is in comparatively 
close contact with a significant molecular feature in the ternary complex and is 
reminiscent of the situation with analogous isomerism of ofloxacin derivatives. 



Modification of the C-3 and C-4 positions 

The carboxyl group at the C-3 position and the carbonyl group at the C-4 posi- 
tion were established as the optimal substituents in the classical era. These two 
groups are believed to form strong hydrogen bonds with DNA bases or to coor- 
dinate to a Mg (II) cation that binds to the DNA phosphate backbone. Both of 
these theories have current adherents. Additional studies indicate that replace- 
ment of the carboxylic acid with certain functional groups that allow the for- 
mation of an anion at physiological pH can also provide compounds with 
potent antibacterial activity. Such groups usually require the presence of a het- 
erocycle fused to the C-2 and C-3 positions such that enolizaton results in aro- 
maticity and this serves as the driving force for the deprotonation. Thus, these 
groups can be regarded functionally as surrogates for the carboxyl group. The 
resulting ring system is also planar in this region. The ring system, however, 
can attack DNA through intercalation so these compounds are too toxic to find 
use as antibacterial agents. 
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Table 4. Comparison of in vitro MIC for quinolones with variation at the C-2 position 



R1,R2 




MIC (pg/ml) 






Ref. 


Sa 


MRSA 


Ef 


Ec 


Pa 


— CH 3 


0.05 


1.56 


0.2 


0.025 


0.2 


[41] 


U 

II 


0.05 


0.39 


0.2 


0.12 


0.39 


[41] 


— CH 3 F 


0.1 


1.56 


0.39 


0.05 


0.39 


[40] 


— CH 3 F (-i-)-isomer 


0.2 


50 


3.13 


0.1 


0.78 


[40] 


— CH 3 F (-)-isomer 


0.05 


0.78 


0.2 


0.0125 


0.2 


[40] 


Ciprofloxacin 


0.1 


12.5 


0.39 


0.012 


0.05 


[41] 



Some unconventional modifications in which the carboxyl group is replaced 
with an unrelated functionality, such as an alkyl group, have also resulted in 
some potent gyrase inhibitors. However, the selectivity between DNA gyrase 
and mammalian topoisomerase II has been diminished by these modifications so 
one presumes that these substances will be toxic to mammals. Other modifica- 
tions, such as replacement by esters, amides or a primary alcohol function show 
some activity in vivo, but not in vitro, indicating that these moieties must be con- 
verted by metabolism to a carboxy group and so these are thought of as prodrugs. 

Altogether, then, modifications at the C-3 or C-4 position have been unre- 
warding. 



Modification of the C-5 position 

Most of the potent quinolones are unsubstituted at this position. Certain rela- 
tively small groups such as amino, hydroxyl and methyl have been shown to 
enhance antibacterial activity with certain substituent combinations at other 
positions. For example, both sparfloxacin and grepafloxacin possess such 
molecular features and have found clinical application. The precise role of the 
C-5 substituent is unclear since widely different hydrophobic and hydrophilic 
groups with and without hydrogen-bonding capabilities are allowed at this 
position. No significant recent developments have appeared involving this 
position. 



Modification of the C-6 position 

The original quinolones were often unsubstituted at the C-6 position and were 
weakly active compared to present day analogs. Introduction of a fluorine sub- 
stituent to the C-6 position significantly enhanced the antibacterial activity and 
pharmacological properties of quinolones. Since the introduction of nor- 
floxacin, for example, in 1983, the dominant position of the fluoroquinolones 
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has been firmly established. All analogues introduced commercially since that 
time retain this molecular feature. It has become almost an article of faith that 
a fluorine at the C-6 position is essential in order to maintain potent antibac- 
terial activity for quinolones and this is underscored by the class name fluoro- 
quinolones now almost universally used to characterize these important drugs. 
The dominant position of the fluoroquinolones is further demonstrated by not- 
ing that the majority of the quinolones in present clinical development are flu- 
oroquinolones. However, this landscape has been challenged recently by the 
potential “reintroduction” of non-fluorinated quinolones. It was recently 
demonstrated that the beneficial properties of a fluoro group are totally 
dependent on the nature of the other substituents in the molecule. With certain 
structural combinations, the non-fluorinated quinolones are actually more 
advantageous. This observation further emphasizes the caution that the struc- 
ture-activity relationships of a particular group are quite often dependent on 
the nature of other contributing groups in the molecule. Several non-fluorinat- 
ed quinolones are currently in various stages of development and this topic 
will be discussed in detail in a later section. One rationalizes this striking 
development by assuming that the favorable molecular contribution of the C-6 
fluorine atom to bioactivity and pharmacokinetics can also be provided by 
suitable contributions of other functions in the molecule. When these are pres- 
ent, one has gotten all the mileage available and the addition of a fluorine atom 
to C-6 does not contribute to a measurable further increase. 

Table 5 illustrates that the effect of an amino group at the C-6 position is 
dependent upon the structure of the C-8 group present [42]. When the C-8 posi- 
tion is unsubstituted, 6-amino analogues are significantly less active than the cor- 
responding 6-fluoro compounds. However, when the C-8 position is occupied by 
a methyl group, the 6-amino analogue is almost as active as the corresponding 
6-fluoro compound. The 6-nitro analogues are much less active than the amino 



Table 5. Comparison of in vitro MIC for quinolones with variation at the C -6 position 

O 0 



L I 

HN^ Rs ^ 



R 6 


R 8 




MIC (pg/ml) 




Ref. 


SaATCC6538 SfLEPBr 


Ec ATCC8739 Pa ATCC9027 


— F 


— H 


0.06 


0.5 


0.015 


0.06 


[42] 


— NH 2 


— H 


2 


32 


0.25 


4 


[42] 


— F 


— CH 3 


0.06 


1 


0.03 


2 


[42] 


— NH 2 


— CH 3 


0.5 


4 


0.03 


2 


[42] 


— NO 2 


— CH 3 


4 


16 


16 


64 


[42] 
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Table 6. Comparison of in vitro MIC for quinolones with variation at the C-4 and C-6 position 




R7 




MIC (pg/ml) 




Ref. 


Sa 6538 


Sa 241 


Ec 85 IE 


Pa 1012E 


hnQn- 


0.25 


16 


0.031 


1 


[43] 


1 

Z 

P 

I 


0.25 


8 


0.13 


1 


[43] 


X 

z 

z 

1 


0.031 


8 


0.063 


1 


[43] 


Ciprofloxacin 


0.13 


128 


0.016 


0.13 


[43] 



analogues. Table 6 shows that compounds with a methyl group at the C-6 posi- 
tion, in combination with other modifications at the C-5 and C-8 positions, are 
as potent as ciprofloxacin, particularly against Gram-positive bacteria [43]. 



Modification of the C-7 position 

Position 7 is the most extensively studied among all the positions of the 
quinolones. Variation at this position often results in significant changes to the 
physicochemical properties and antibacterial potency of the resulting mole- 
cule. Unlike any other position, great structural variability is allowed here with 
maintenance of potent activity. Thus, modification of this position has been 
widely utilized by quinolone researchers to optimize potency and to manipu- 
late the pharmacokinetic profile after a potent core with appropriate substitu- 
tions at other positions has been established. Given the interdependence of 
functional groups noted in various places earlier, this may now be considered 
to be a risky practice. Nonetheless, it has recently been recognized that modi- 
fication of this position can also help to improve the selectivity of inhibition 
between eukaryotic topoisomerase II and DNA gyrase and thus enhance appar- 
ent safety [44]. Table 7 illustrates that introduction of methyl groups in the C-7 
piperazine ring dramatically reduces the eukaryotic topoisomerase II mediat- 
ed DNA cleavage activity, while the gyrase activity was relatively unchanged. 
Commercial drugs with this type of substituent include lomafloxacin, 
sparfloxacin, grepafloxacin, and gatifloxacin. In this context, temafloxacin 
would appear to be an exception. 
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Table 7. Structure of the C-7 group and activity for inducing DNA gyrase and eukaryotic topoiso- 
merase II mediated DNA cleavage 



NH2 O O 




R7 




MIC (pg/ml) 


Ref. 




Calf thymus topo II 
CC 50 (mM) 


E. coli DNA gyrase cleavage 
endpoint CC 50 (pM) 




\ / 


83 


0.52 


[44] 


-X"- 


75 


0.48 


[44] 




HyjJ- 
HN N— 


658 


0.48 


[44] 


>2000 


0.48 


[44] 



Although the C-7 position can be substituted with a comparatively wide 
range of moieties with retention of potency, the optimal substituents are most 
frequently basic amino derivatives of piperidine, piperazine or pyrrolidine. 
Almost all the quinolones in contemporary clinical use or in clinical develop- 
ment possess a C-7 substituent of this general type. However, it is important to 
remember that the optimal structure at this and at other positions are depend- 
ent on the core quinolone structure as well as on the other substituents around 
the molecule. Table 8 sunnnarizes the effect of variations in the N-1 sub- 
stituent upon C-7 structure-activity relationships [45]. From the data it is 
apparent that activity against Gram-positive and Gram-negative bacteria fol- 
low different trends. The methylaminopyrrolidine moiety is always the best 
group for activity against Gram-positive bacteria regardless of the N-1 struc- 
ture, while piperazine is often the best group for activity against Gram-nega- 
tive bacteria. A pyrrolidine group, however, tends to give balanced activity 
between both Gram-positive and Gram-negative organisms. The molecular 
rationale for this effect is obscure but surely depends heavily upon the fact that 
anti Gram-positive activity depends more upon inhibition of the action of 
topoisomerase IV and anti Gram-negative activity depends primarily upon 
inhibition of the action of DNA gyrase. It can be assumed that the drug-bind- 
ing pocket in these two enzymes is similar but not identical. This would ration- 
alize these findings. 

A significant amount of work has been directed to the modification of the 
C-7 position recently for the purpose of improving Gram-positive activity and 
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Table 8. Comparison of in vitro MIC for quinolones with variation at the C-7 position 

;x:iy" 

‘ I 

Ri 



Rl 


R7 




MIC 


(pg/ml) 




Ref. 






Sa H-228 


Spy C203 


Ec Vogel 


PaUl-18 






HN^N- 


0.8 


0.4 


0.05 


0.2 


[45] 


A 




0.4 


0.8 


0.05 


0.2 


[45] 






0.2 


0.1 


0.2 


0.8 


[45] 




hn^n- 


0.4 


0.4 


0.1 


0.2 


[45] 


& 




0.05 


0.1 


0.03 


0.2 


[45] 


T 

F 




0.1 


0.1 


0.2 


0.8 


[45] 




HN^ ^N— 


3.1 


>3.1 


0.1 


0.8 


[45] 


I 

C 2 H 5 


H.N 

o- 


1.6 


0.8 


0.4 


0.8 


[45] 






1.6 


0.4 


3.1 


>3.1 


[45] 




Hh/ ^N— 


0.8 


1.6 


0.2 


0.4 


[45] 


Me^Me 

Me 




0.4 


0.4 


0.2 


0.4 


[45] 






0.2 


0.2 


0.4 


1.6 


[45] 






>3.1 


>3.1 


0.8 


1.6 


[45] 


V 

0 


I 

z 

P 

z 

I 


3.1 


>3.1 


0.8 


1.6 


[45] 






3.1 


3.1 


3.1 


>3.1 


[45] 




t*QN- 


3.1 


>3.1 


0.4 


1.6 


[45] 




HaN 

o- 


3.1 


1.6 


0.4 


1.6 


[45] 






0.8 


1.6 


0.8 


3.1 


[45] 


Sparfloxacin 




0.05 


0.1 


0.025 


0.8 


[45] 
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Table 9. Comparison of in vitro MIC for naphthyridones with a novel C-7 substituent 

O O 




R7 




MIC (pg/ml) 




Ref. 




Sa Cip-S 


Sa Cip-R 


Ec 3190Y 


Pa 1912E 






0.031 


16 


0.031 


0.5 


[46] 




0.031 


8 


0.031 


2 


[46] 




<0.008 


4 


<0.008 


0.25 


[46] 


— / 

N 


0.016 


<0.008 


0.031 


2 


[46] 


Ciprofloxacin 


0.13 


64 


0.016 


0.13 


[46] 



overcoming quinolone-resistance. Many compounds with a novel C-7 sub- 
stituent have consequently been identified through this effort. Table 9 summa- 
rizes the findings with a series of naphthyridones having a novel oxime-sub- 
stituted (aminomethyl) pyrrolidine group attached to the C-7 position [46]. 
Some of these oxime-containing compounds are highly active against Gram- 
positive bacteria, including quinolone-resistant strains. More importantly, the 
oxime derivative provides improved pharmacokinetic profiles and better in 
vivo efficacies than do the corresponding non-oxime analogues [46]. 

2-Aminomethyl-l-azetidine represents another novel C-7 substituent that 
provides potent antibacterial activity [10]. It is clear that in these molecules the 
four-membered ring analogues are more active than the five- and six-mem- 
bered ring analogues and that the R-isomer is significantly better than the 
S-isomer [47]. 

Some unconventional substituents with a C-C linkage rather than a N-C 
linkage at C-7 have also been explored recently. It will be recalled that this fea- 
ture was present in nalidixic acid but only rosoxacin, of its clinical descen- 
dants, retained this type of linkage and that its substituent was also aromatic. 
Table 1 1 summarizes the relevant properties of a series of quinolones substi- 
tuted with various aminoalkyl groups at the C-7 position [48]. The aminocy- 
clopropyl analogue is the most potent compound and the activity decreases 
with the increase in size of the ring. These compounds showed less cytotoxic- 
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Table 10. Comparison of in vitro MIC for quinolones with a novel C-7 structure 

O O 




^ A 



R7 




MIC (pg/ml) 




Ref. 




Sa 209P 


Ec NIHJ 


Pa 12 




<5:- 


0.05 


0.0125 


0.1 


[47] 


|— NH2 










<S- 


0.025 


<0.003 


0.1 


[47] 


NH2 












0.78 


0.2 


6.25 


[47] 


/-NH2 

C- 


0.1 


0.025 


0.39 


[47] 


>r-NH 2 

c- 


0.1 


0.1 


1.56 


[47] 


Sparfloxacin 


0.05 


0.0125 


0.39 


[47] 



ity than ciprofloxacin and little differentiation between the susceptible and 
MRSA activities. 

Table 12 presents the properties of another group of compounds with C-C 
linked substituents attached to the C-7 position [49]. As one can see from the 
table that the most potent compounds in the series are about two dilutions 
weaker on average than sparfloxacin. 



Modification of the C-8 position 

The C-8 position allows some useful structural variations provided that the 
groups involved are relatively small and hydrophobic. The most commonly 
studied groups at this position are -H, -F, -Cl, -Me, and -OMe. The effect of 
these groups on antibacterial potency and on some side-effects is profound. 
The data in Table 13 indicates that the contribution of the C-8 group to anti- 
bacterial activity is dependent upon the substituent at the N-1 position [50]. 
When the N-1 group is cyclopropyl, the relative rank order from the most 
potent to the least potent is C-OMe > C-F > N. When the N-1 group is 
2,4-difluorophenyl, the relative rank order is N > C-F > C-OMe. Table 14 
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Table 11. Comparison of in vitro MIC and cytotoxicity for quinolones with an aminoalkyl substituent 



O O 




R7 




MIC (pg/ml) 




Cytotoxicity 

(pg/ml) 


Ref 




Sa 209P 


MRSA 


Ec NIHJ 


PaCSJ 


[48] 




12.5 


50 


0.39 


6.25 


615 


[48] 


H2N^ 

Me^Me 


12.5 


50 


0.78 


25 


358 


[48] 




0.2 


0.2 


0.1 


3.13 


378 


[48] 


O 


0.78 


0.78 


0.2 


12.5 


126 


[48] 


H2N^ 

o 


1.56 


1.56 


0.39 


6.25 


253 


[48] 


H2N^ 


12.5 


12.5 


3.13 


25 


>800 


[48] 


0 


3.13 


6.25 


1.56 


50 


>800 


[48] 


Ciprofloxacin 


0.1 


12.5 


<0.013 


0.39 


57 


[48] 



summarizes the data for another series of compounds with C-8 variations [51]. 
The rank order for potency is C-Cl = C-OMe > C-F = C-OEt > C-H > N. 
The C-8 methoxy analogue has been shown to have potent activity against 
Gram-positive bacteria and reduced phototoxicity as compared to the C-8 
halogen analogues [52]. Table 15 contains another series of compounds dif- 
fering in C-7 substituents [53-54]. Among these compounds, the C-F ana- 
logue is most active followed by the C-OMe and C-Cl analogues, and the 
C-H and N analogues are the weakest. 

Table 16 shows that the C-8 methyl analogue of the 6-aminoquinolones is 
as active as the C-8 methoxy compound [55]. The ethyl analogue, however, is 
substantially weaker. 

These findings have been rationalized as resulting from steric interactions 
between the C-8 and N-1 substituents causing a change in planarity of the ring 
system. This effect is particularly prominent in the 2-pyridone series covered 
in a section below. 
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Table 12. Comparison of in vitro MIC values for quinolones with a C-C linked C-7 substituent 

O O 




^ A 



R7 




MIC (pg/ml) 




Ref. 




Sa 209P 


Ec NIHJ 


Pa 12 






0.2 


0.05 


0.39 


[49] 




0.39 


0.025 


0.39 


[49] 




0.39 


0.025 


0.2 


[49] 


_ 


0.39 


0.025 


0.78 


[49] 


HO 

\ 


3.31 


1.56 


100 


[49] 


_ 


0.39 


0.05 


0.78 


[49] 


Sparfloxacin 


0.05 


0.0125 


0.39 


[49] 



Novel structures targeting DNA gyrase and topoisomerase IV 

Since the introduction of nalidixic acid in 1967, a substantial amount of work 
has been devoted to the replacement of the 4-naphthyridinone ring system. 
Over the years, the 4-quinolone ring system has emerged as the consentually 
optimal core for antibacterial activity. Recent chemical activity consequently 
has been centered upon providing incremental improvements of the 
4-quinolone structure. However, development of novel core systems represents 
a very appealing strategy. Today this is more than ever attractive, despite the 
high risk involved with this kind of operation. This approach can effectively 
address the patentability issues associated with this presently very crowded 
research area and can provide compounds with higher potential to overcome 
the emergence of quinolone resistance. The most significant new core systems 
developed recently are the 2-pyridone and non-fluoroquinolone systems. 



2-Pyridones 

2-Pyridones are nitrogen translocation products of 4-oxo-l,4-dihydroquino- 
lines or 4-oxo-l,4-dihydronaphthyridines so are double bioisosteres of the 
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Table 14. Comparison of in vitro MIC for quinolones with C-8 variation 



O O 




X MIC (pg/ml) Ref. 





Sa H228 


Spy C203 


Ec Vogel 


Pa UI-18 




C— H 


0.8 


0.05 


0.4 


3.1 


[51] 


N 


1.6 


0.2 


0.4 


6.3 


[51] 


C— F 


0.1 


0.013 


0.05 


0.4 


[51] 


C— Cl 


0.025 


0.003 


0.1 


1.6 


[51] 


C — Ome 


0.05 


0.006 


0.2 


3.1 


[51] 


C— Get 


0.05 


0.025 


0.2 


3.1 


[51] 


Ciprofloxacin 


3.1 


0.8 


0.05 


0.4 


[51] 
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Table 15. Comparison of in vitro MIC for quinolones with C-8 variation 

O O 




OMe 



X 






MIC (pg/ml) 




Ref. 




Sa Cip-S 


Sa Cip-R 


Ec 10536 


Pa 1012E 




n 

1 


0.008 


4 


<0.008 


0.25 


[53] 


N 


<0.008 


4 


<0.008 


0.25 


[53] 


C— F 


<0.008 


0.5 


<0.008 


0.25 


[53] 


C— Cl 


0.031 


1 


0.031 


1 


[53] 


C — Ome 


0.031 


1 


0.063 


2 


[53] 


Ciprofloxacin 


0.13 


64 


0.016 


0.13 


[53] 



Table 16. Comparison of in vitro MIC values for quinolones with various C-8 substituents 

O O 




R7 


X 




MIC (pg/ml) 




Ref. 






Sa Cip-S 


Sa Cip-R 


Ec 25922 


Pa 9027 




/ V 


C— Me 


1 


>16 


0.03 


2 


[55] 


MeN^ ^N— 


C— Et 


>16 


>16 


>16 


>16 


[55] 




C— OMe 


2 


>16 


0.125 


1 


[55] 




C— Me 


<0.016 


2 


0.125 


8 


[55] 




C— Et 


4 


>16 


16 


>16 


[55] 


\=/ 


C— OMe 


<0.016 


2 


0.25 


16 


[55] 




C— Me 


0.06 


8 


0.125 


4 


[55] 


o- 


C— Et 


8 


>16 


16 


>16 


[55] 


C— OMe 


0.06 


16 


0.5 


8 


[55] 


Ciprofloxacin 




0.5 


>16 


<0.016 


0.06 


[55] 
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4-quinolones [56]. They were first reported in 1996 to be potent gyrase 
inhibitors and to be active against quinolone-resistant Gram-positive bacteria 
[57]. 2-Pyridones can be further be divided into two sub-classes, the AH-A- 
oxoquinolizines and the 6//-6-oxo-pyrido[l,2-a]pyrimidines. The major dif- 
ference between a 2-pyridone core and a 4-quinolone core is the apparent alter- 
ation in electron distribution in the aromatic ring. The geometries of the mol- 
ecules are also slightly different. These subtle differences appear to be enough 
to impact favorably on the binding affinity of these molecules to their mole- 
cular targets and to make the 2-pyridones more active against mutationally 
resistant strains. The chemical formulae and numbering systems for these 
materials are illustrated in Figure 4. It is important to note that the alteration 
in the ring system changes the numbering system of the atoms from that used 
in the 4-pyridones. 

2-Pyridones are potent inhibitors of bacterial type II DNA topoisomerases, 
which include two highly homologous enzymes - DNA gyrase and topoiso- 
merase IV. In Gram-negative bacteria, DNA gyrase is the main target for 
2-pyridones [58]; in Gram-positive bacteria, both DNA gyrase and topoiso- 
merase IV are often equally important [59]. 2-Pyridones are significantly more 
active against resistant DNA gyrase and topoisomerase IV (Tab. 17) than are 
their quinolone counterparts. 

Comparing the two 2-pyridone cores, the 4-oxoquinolizine ring system is 
clearly more active than the 6-oxo-pyrido[l, 2-a] pyrimidine system. The latter 
is about equally active as is its 4-oxo-l,4-dihydronaphthyridine bioisostere, 
however, the 4-oxoquinolizinones appear to be more active than the 
4-0X0- 1,4-dihydroquinolines, particularly when position 9 is substituted with 
a methyl group. So far structural modification of the 2-pyridone ring system 
has been performed only at positions 1, 6, 8 and 9. The structure-activity rela- 



4-Quinolone 



2-Pyridone 



0 0 0 0 




4-0X0-1 ,4-dihydroquinoline 4H-4--oxoquinolizine 




4-0X0-1 ,4-dihydronaphthyridine 




1 9 

6H-6-oxo-pyrido[1,2-a]pyrimidine 



Figure 4. Comparison of the structural formulae and numbering systems of the 4-quinolone and 
4-naphthyridinone systems with the corresponding 2-quinolone and 2-naphthyridinone systems. 
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Table 17. Comparison of DNA cleavage activity of ABT-719 and ciprofloxacin against purified type 
II DNA topoisomerases 




Compound 






CC50 (pg/ml) 








Sa 


Sa 


Ec 


Ec 


R-Ec 


R-Ec 




gyrase 


Topo IV 


gyrase 


Topo IV 


gyrase 


Topo IV 


ABT-719 


0.05 


0.024 


0.02 


2.2 


1.2 


3.4 


Ciprofloxacin 


3.5 


0.18 


0.1 


9.6 


300 


190 



tionships for the 2-pyridones are in general agreement with those of the clas- 
sical 4-quinolones although with some subtle but important differences. 

Position 1 . Table 1 8 illustrates that the moiety at position 1 is critical for potent 
antibacterial activity. Among the various groups introduced, compounds with 
a small and lipophilic group at position 1 are most active. As with the 
quinolone series, 2-pyridones with a cyclopropyl or a 2,4-difluorophenyl 
group at position 1 appear to be optimal [57, 60]. Also, as with the quinolones, 
compounds without a substituent or with a polar group at position 1 are sub- 
stantially less active. 

Position 6. Modification at position 6 in this new series has not been exten- 
sively studied. The only substituent introduced at this position to date is a 
methyl group. The product compares unfavorably with the corresponding 
unsubstituted analogue (Tab. 19) [57]. 

Position 8. The substituents at the C-7 of traditional quinolones are believed to 
interact directly with DNA gyrase and topoisomerase IV. The moiety at this 
position is not only important for attaining potent antibacterial activities, but 
also is important for differentiating between bacterial and eukaryotic targets. 
In addition, modification of this position can be used for obtaining desirable 
physicochemical properties, enhancing pharmacokinetics, in vivo efficacy and 
safety/tolerability profiles. As in the quinolone system, the corresponding 
position 8 of 2-pyridones has been most thoroughly studied. Thus far several 
hundreds of 2-pyridone analogues with a variety of different types of amine 
substituents, constituting various steric and electronic situations have been 
prepared and evaluated [61]. The structure-activity relationships for this posi- 
tion are similar to that of the traditional fluoroquinolones in that aminopyrro- 
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Table 18. Comparison of in vitro MIC values for 2-pyridones with various C-1 substituents 




R1 MIC (pg/ml) Ref. 





Sa Cip- 
S 


Sa Cip- 
R 


Ef 


Sb 


Spy 


Ec 


Pa 




— H 


3.1 


>100 


25 


50 


12.5 


0.39 


3.1 


[60] 


—Me 


0.05 


>100 


0.39 


1.56 


0.39 


0.02 


0.1 


[60] 


— Et 


0.1 


12.5 


0.2 


0.78 


0.39 


0.01 


0.2 


[57] 




0.78 


>100 


1.56 


6.2 


3.1 


0.2 


0.78 


[60] 


— Pr' 


0.1 


6.2 


0.2 


0.39 


0.2 


0.39 


0.78 


[60] 




0.1 


12.5 


0.39 


3.1 


- 


0.05 


0.78 


[60] 




0.78 


>100 


1.56 


6.2 


6.2 


1.56 


0.78 


[60] 




6.2 


>100 


12.5 


>100 


50 


1.56 


50 


[60] 




1.56 


25 


6.2 


6.2 


6.2 


0.78 


6.2 


[60] 


A 


1.56 


50 


6.2 


3.1 


3.1 


- 


12.5 


[60] 




0.01 


0.78 


0.02 


0.02 


0.02 


0.002 


0.05 


[60] 




0.1 


12.5 


0.39 


1.56 


0.78 


0.05 


0.78 


[60] 


A 


3.1 


50 


12.5 


12.5 


12.5 


0.78 


12.5 


[60] 


^OMe 


50 


>100 


>100 


>100 


- 


12.5 


50 


[60] 


Ciprofloxacin 


0.39 


>100 


0.78 


0.78 


0.78 


0.02 


0.2 


[60] 



lidine substituents have provided the most potent antibacterial activity. The 
structure-activity relationships of this position have been comprehensively 
reviewed [56]. 

The effect of the stereochemistry at position 8 on bioactivity has also been 
studied in detail [61]. Table 20 illustrates that the potency difference between 
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Table 19. Comparison of in vitro MIC values for 2-pyridones with C-6 modifications 




R6 






MIC (pg/ml) 






Ref. 




Sa Cip- 
S 


Sa Cip- 
R 


Ef 


Sb 


Spy 


Ec 


Pa 


— H 


0.05 


12.5 


0.2 


0.2 


0.2 


0.005 


0.1 


[15] 


—Me 


0.78 


50 


6.2 


6.2 


3.1 


0.2 


1.56 


[14] 


Ciprofloxacin 


0.39 


>100 


0.78 


0.78 


0.78 


0.02 


0.2 


[14] 



the two enantiomers is unsubstantial lying within one-dilution difference in 
most cases. But, in some special cases, the differences appear to be significant. 
For example, the (5)-enantiomer of the 3-hydroxypyrrolidine substituted 
2-pyridone is two to four fold more potent than the (/?)-enantiomer and the 
(35,4/?)-enantiomer of the 3-methylamino-4-methylpyrollidine derivative is 
two to 15 fold more potent than the (3/?,45)-enantiomer. From the available 
data, it is very difficult to generalize what kind of group makes the activity of 
the compound sensitive to chirality. 

Position 9. Groups at position 9 are critical for achieving potent antibacterial 
activity in the 2-pyridones. Table 5.1.5 summarizes the in vitro antibacterial 
activity of six 9-position analogues revealed to date. The structure-activity 
relationships for this position are somewhat different from those derived for 
the quinolone series. Unlike the quinolone series, introduction of a fluorine or 
chlorine group at this position does not improve the in vitro activity. However, 
introduction of a methyl group to this position provided compounds with sig- 
nificantly improved antibacterial activity. These analogs are not only highly 
potent against both Gram-positive and Gram-negative bacteria, but also are 
more potent against ciprofloxacin-resistant organisms. 

Other modifications. Tricyclic 2-pyridones with a bridge between position 1 
and 9 have also been prepared. These compounds are bioisosteres of lev- 
ofloxacin. The chirality of the bridge is very important for the antibacterial 
activity of these analogs just as it was with the ofloxacin branch molecules. 
The (/?)-isomer is substantially more potent than the (^Sj-enantiomer. However, 
these novel compounds are not more potent than the corresponding quinolone 
analogues [56]. 
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Table 20. Comparison of in vitro MIC values for 2-pyridones with enantiomeric C-8 substituents 




R8 MIC (pg/ml) Ref. 







Sa Cip- 
S 


Sa Cip- 
R 


Ef 


Sb 


Spy 


Ec 


Pa 






(S) 


0.01 


0.78 


0.02 


0.02 


0.02 


0.002 


0.02 


[57] 




(R) 


0.01 


1.56 


0.05 


0.1 


0.05 


0.005 


0.05 


[57] 




(S) 


0.005 


0.39 


0.05 


0.1 


- 


0.02 


0.39 


[57] 


1 

z 

X 


(R) 


0.02 


1.56 


0.2 


0.2 


- 


0.1 


0.78 


[57] 


C'C"- 


(S) 


0.01 


0.39 


0.1 


- 


0.1 


0.2 


0.78 


[61] 


z 

1 


(R) 


0.02 


0.39 


0.1 


- 


0.05 


1.56 


1.56 


[61] 


>- 


(SR) 


0.02 


0.78 


0.05 


- 


0.05 


0.05 


0.2 


[61] 


>- 


(RS) 


0.05 


0.78 


0.2 


- 


0.1 


0.1 


0.39 


[61] 


H 

H 

>- 


(SR) 


0.01 


0.39 


0.1 


- 


0.02 


0.05 


0.2 


[61] 


(RS) 


0.05 


0.78 


0.2 


- 


0.1 


0.2 


3.1 


[61] 


HaN. 


(SR) 


0.05 


0.78 


0.1 


- 


0.05 


0.2 


0.39 


[61] 






0.02 


0.78 


0.1 




0.1 


0.2 


0.39 


[61] 



V'"" (RS) 



(Continued on next page.) 
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Table 20. (Continued) 



R8 






MIC (pg/ml) 








Ref. 




Sa Cip- 
S 


Sa Cip- 

R 


Ef 


Sb 


Spy 


Ec 


Pa 




V' 


0.005 


0.39 


0.05 


- 


0.02 


0.1 


0.39 


[61] 


(RR) 


0.02 


0.78 


0.1 


- 


0.1 


0.2 


0.39 


[61] 


CC"- (ss) 


0.05 


3.1 


0.1 


0.1 


- 


0.02 


0.2 


[61] 


CC"^- (RR) 


0.1 


6.2 


0.2 


0.39 


- 


0.05 


0.39 


[61] 


O- 

O 

Z 

1 


0.01 


0.39 


0.1 


0.05 


0.05 


0.005 


0.2 


[61] 


CC*^ (RR) 


0.05 


0.78 


0.1 


0.05 


0.05 


0.05 


0.78 


[61] 


HzN 

0“ (SS) 


0.05 


1.56 


0.2 


- 


0.1 


0.2 


0.78 


[34] 


HzN 

(RR) 


0.1 


3.1 


0.39 


- 


0.39 


0.78 


1.56 


[34] 


0-(S) 


0.01 


0.39 


0.1 


- 


0.02 


0.05 


0.2 


[34] 


O-(R) 


0.01 


3.1 


0.05 


- 


0.02 


0.1 


0.78 


[34] 


Ciprofloxacin 


0.39 


>100 


0.78 


0.78 


0.78 


0.02 


0.2 


[34] 



Non-fluorinated quinolones 

Since the introduction of the first clinically significant fluoroquinolone, nor- 
floxacin, in 1983, a fluorine substituent at the C-6 position has become an inte- 
gral part of all subsequently important quinolone molecules. It is widely 
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Table 21. Comparison of in vitro MIC values for 2-pyridones with position 9 modifications 




R9 






MIC (pg/ml) 








Ref. 


Sa Cip- 
S 


Sa Cip- 
R 


Ef 


Sb 


Spy 


Ec 


Pa 


— H 


0.05 


12.5 


0.2 


0.2 


0.2 


0.005 


0.1 


[15] 


— F 


0.1 


6.2 


0.78 


0.78 


0.78 


0.01 


0.39 


[14] 


—Cl 


0.2 


6.2 


0.39 


0.78 


0.39 


0.05 


0.39 


[14] 


—Me 


0.01 


0.78 


0.02 


0.02 


0.02 


0.002 


0.05 


[14] 


— Et 


0.1 


6.2 


0.39 


- 


0.39 


0.2 


1.56 


[14] 


— OMe 


0.05 


3.1 


0.2 


0.39 


0.2 


0.02 


0.39 


[14] 


Ciprofloxacin 


0.39 


>100 


0.78 


0.78 


0.78 


0.02 


0.2 


[14] 



accepted that the fluorine at the C-6 position is essential for having potent anti- 
bacterial activity. The evidence to support this notion is overwhelming [15]. 
However, recent studies suggest that removal of the C-6 fluorine, in combina- 
tion with certain other modifications at the C-8 position, can produce ana- 
logues with potent antibacterial activity that compensates for this loss [62]. 
One of the most significant features of these non-fluoroquinolones is that they 
tend to be more active against quinolone-resistant Gram-positive bacteria with 
both GyrA and ParC mutations [63]. In addition, non-fluoroquinolones have 
been reported to possess improved safety profiles [64, 65]. 

The data in Table 22 illustrates the fact that the role of the C-6 fluorine is 
dependent upon the specific substituents present at the C-7 and C-8 positions 
[62]. When the C-7 group is a N-methylpiperazinyl group, the enhancing effect 
of the fluorine is substantial. When the C-7 moiety is a piperidinyl group, the 
non-fluoroquinolone is as potent as the fluorinated analogue. When the C-7 
group is a tetrahydroisoquinolinyl group, the C-6 amino analogue becomes the 
most potent compound. A very important lesson one can learn from this work 
is that it is dangerous and often misleading to single out a particular group for 
developing structure-activity relationships without taking other groups in the 
molecule into consideration. Another interesting observation from this work is 
the poor correlation between the gyrase inhibitory activity and the antibacterial 
MICs. Although not a surprising result, it suggests that DNA gyrase may not be 
the primary or sole target for these compounds, at least in some cases. 

Several particular groups at the C-8 position have been demonstrated to 
enhance antibacterial activity in the absence of the C-6 fluorine. Table 23 sum- 
marizes the MICs for a series of nonfluoroquinolones with a methyl group at 
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Table 22. Comparison of in vitro MIC values for 6-desfluoroquinolones [62] 

O O 




Compound 



Mean MIC (pg/ml) Ec Gyrase 



R7 


R6 


R8 


Gram-(-i-) 


Gram-(-) 


IC50 (qg/ml) 




F 


H 


0.65 


0.11 


1.5 




F 


Me 


0.27 


0.15 


5.9 


— IM INMe 


\ / 


H 


Me 


1.09 


0.61 


28.5 




NH2 


Me 


3.36 


0.46 


3.8 




F 


H 


0.50 


0.71 


32.1 




F 


Me 


0.02 


0.29 


2.4 


— N ; 


\ / 


H 


Me 


0.05 


0.53 


3.3 




NH2 


Me 


0.34 


1.00 


3.2 




F 


H 


0.21 


1.15 


10.8 




F 


Me 


0.07 


0.87 


3.0 


-N 


H 


Me 


0.27 


1.85 


7.8 


\ / 


NH2 


Me 


0.07 


1.00 


3.6 



the C -8 position [63]. The compounds in this series are more potent than 
ciprofloxacin against Gram-positive organisms. The potency of this series 
depends upon the substituent at position 7. General speaking, a hydrophobic 
group at the C-7 position tends to give better activity against Gram-positive 
bacteria, while a hydrophilic group tends to give better activity against Gram- 
negative organisms. 

The methoxy group has also been investigated as a potency enhancer for the 
nonfluoroquinolones. The antibacterial activity (MIC 90 ) of N-1 -cyclopropyl- 8 - 
methoxy-4-oxo-l,4-dihydro-3-quinolinecarboxylic acids with three different 
C-7 amines against E. coli, PRSP, and MRSA were compared with that of 
ciprofloxacin, trovafloxacin, gatifloxacin and clinafloxacin (Tab. 24) [ 66 , 67]. 
All three non-fluorinated quinolones are more potent than ciprofloxacin, 
trovafloxacin and gatifloxacin against penicillin-resistant Streptococcus pneu- 
moniae (PRSP) and methicillin-resistant Staphylococcus aureus (MRSA). 
They are slightly less active than the reference agents against E. coli. These 
non-fluorinated quinolones are also less susceptible than the reference com- 
pounds to existing mechanisms of quinolone resistance [ 66 , 67]. 

The specific nature of the C-7 group has a significant impact on the anti- 
bacterial activity of this 8 -methoxy non-fluorinated quinolone system [ 68 ]. 
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Table 23. Comparison of in vitro MIC for 8-methyl nonfluoroquinolones 

O O 




R7 


Sa 

ATCC 

Cip-S 


Sa 

OBT687 

Cip-R 


Ef 

LEPBr 


MIC (pg/ml) 

Spy 

OMNH Hf 


Ec 

ATCC 


Pa 

ATCIC 


Ref. 




0.125 


4 


1 


1 


<0.016 


<0.016 


0.125 


[62] 


— N ^NH 


0.5 


16 


2 


2 


0.03 


0.03 


0.125 


[62] 


-O 


<0.016 


2 


1 


0.5 


<0.016 


0.125 


4 


[62] 




<0.016 


1 


1 


0.03 


<0.016 


0.03 


4 


[62] 




<0.016 


1 


0.5 


0.125 


<0.016 


0.03 


2 


[62] 




<0.016 


0.5 


0.5 


2 


0.25 


0.06 


2 


[62] 


Me 

/ 


-r> 


<0.016 


2 


1 


0.5 


0.25 


1 


8 


[62] 


Me 

Me 




0.125 


1 


1 


0.5 


1 


1 


16 


[62] 


M 

Me 


-0 


<0.016 


1 


0.5 


0.5 


<0.016 


0.125 


4 


[62] 


-cP 


<0.016 


2 


1 


0.25 


0.06 


1 


>16 


[62] 


Ciprofloxacin 


0.5 


>16 


1 


0.5 


<0.016 


<0.016 


0.06 


[62] 



The data in Table 23 indicates that introducing a small alkyl group in the vicin- 
ity of the terminal amino group can significantly improve the overall potency. 

The C-8 difluoromethoxy group was demonstrated to be superior to a 
methoxy group as a potency enhancer for the non-fluorinated quinolones [69, 
70]. So far, the study only involved a 2,3-dihydro-lH-5-isoindolyl group at the 
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Table 24. Comparison of MIC 90 values for three 8 -methoxy nonfluoroquinolones 



O O 




R7 




MIC 90 (pg/ml) 




Ref. 




E. coli (n = 20) 


PRSP (n = 23) 


MRSA (n = 34) 




H Me 
V 

-O 


0.125 


0.031 


2.0 


[ 66 , 67] 


Me Me 

V 

-O 


0.25 


0.125 


2.0 


[ 66 , 67] 


NHj 












0.125 


0.125 


2.0 


[ 66 , 67] 


Ciprofloxacin 


0.031 


2 


>64 


[ 66 , 67] 


Trovafloxacin 


0.125 


0.25 


32 


[ 66 , 67] 


Gatifloxacin 


0.063 


0.5 


16 


[ 66 , 67] 


Clinafloxacin 


0.016 


0.125 


2.0 


[ 66 , 67] 



position 7 [71]. How general this conclusion will be when there is a different 
C-7 substituent remains to be seen. 

Table 26 compares the antibacterial activities for several different 
8-difuoromethoxy analogues. The 8-difluoromethoxy analogues are signifi- 
cantly more active than both the 8 -unsubstituted and 8-methoxy analogues 
against both wild type and quinolone-resistant bacteria. 

Benzonaphthyridones 

A series of benzo[b]naphthyridones has been shown to have potent antibacteri- 
al activity [72]. Although they are structurally related to quinolones, these ben- 
zonaphthyridones have been shown to be equally active against quinolone- sus- 
ceptible and quinolone-resistant organisms (Tab. 27). Mutations in genes encod- 
ing DNA gyrase and topoisomerase IV that confer high level quinolone resist- 
ance have no effect on these compounds indicating that these compounds may 
have a different mode of action than the classical quinolones [73]. However, the 
mechanism of action of these compounds has not been elucidated as yet. 
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Table 25. Comparison of MIC 90 values for three additional 8 -methoxy nonfluoroquinolones 



O O 




R7 




MIC 90 


(pg/ml) 






Ref. 




Sa Cip-S 


Sa Cip-R 


Sp 


Ec 


Pa 




/ — \ 


1 


>32 


8 


0.5 


4 


[ 68 ] 


1 

z 

0 

X 


<0.06 


4 


1 


<0.06 


0.5 


[ 68 ] 


NH 2 

S> 


<0.06 


1 


0.12 


0.12 


2 


[ 68 ] 


NH 2 


0.008 


0.06 


0.016 


0.03 


0.25 


[ 68 ] 


Hiti 

0- 


0.016 


0.25 


0.03 


0.03 


0.5 


[ 68 ] 


H 2 ti 


<0.008 


0.06 


<0.008 


<0.008 


0.5 


[ 68 ] 



Table 26. Comparison of in vitro MIC values for 8 -difluoromethoxy des-fluoroquinolones 

O O 




R8 








MIC (pg/ml) 








Ref. 




Ec 


Ec 


Ef 


Ef 


Sp 


Sp 


Sa 


Sa 






WT 


QR 


WT 


QR 


WT 


QR 


WT 


QR 




— H 


0.007 


0.06 


0.06 


4 


0.03 


0.25 


0.015 


4 


[71] 


— OCH3 


0.015 


0.25 


0.25 


2 


0.125 


2 


0.03 


4 


[71] 


— OCHF2 


0.015 


0.06 


0.06 


1 


0.015 


0.125 


0.007 


0.5 


[71] 


Ciprofloxacin 


0.007 


0.125 


0.5 


32 


1 


16 


0.125 


64 


[71] 


Moxifloxacin 


0.015 


0.25 


0.25 


8 


0.25 


1 


0.03 


2 


[71] 


Levofloxacin 


0.03 


0.25 


0.5 


8 


0.5 


4 


0.125 


64 


[71] 
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Table 27. Comparison of MIC values for benzo[b]naphthyridones 



O O 




Me 



R 


MIC (pg/ml) 

Sa Cip-S Sa Cip-R 


Ref. 




0.25 


0.50 


[72] 


F-^^~~yCH2N^^ ^N— 


0.50 


1 


[72] 


MaS — V 


4 


4 


[72] 


Os- 


1 


1 


[72] 


O' 


1 


1 


[72] 


Pefloxacin 


0.5 


128 


[72] 



Other novel structures 

In contrast to the successes achieved with the 2-pyridones and the non-fluori- 
nated quinolones, there have been many failed attempts in altering the core 
structure of quinolones during the last decade. Those novel structures, which 
did not possess significant improvement over the traditional quinolones, will 
not be discussed in detail in this review. Instead, they are listed with references 
in Figure 5 so that the interested reader can easily find the original publications 
for details of these compounds. 



Research emphasis in the next five years 

From the chemical standpoint, the next 5 years will hopefully decide through 
evaluation of analogs what the clinical future of the 2-pyridones and the 6-des- 
fluoro series will be. The advancement of additional novel structures exploit- 
ing topoisomerase targets would be desirable. Agents able to overcome the 
resistance problem would be highly desirable. The details of the molecular 
mode of action of the quinolones is as yet unsettled. A clearer picture of the 
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Pyrimido[1 ,6-a]benzimidazoles [74] 
0 OH 




Dibenzo[1 ,6]naphthyridiones [75] 



0 OH 




OR3 



F R 10 

1 -Hydroxy-7-amino-9-acridones [76] 





Pyrroloquinolones and Pyrazoloquinolones [78] 



F- 



O 0 






OH 



Ri 

2-[4-(4-Fluorophenyl)piperizin-1-yl]-4,7-dihydro-7-oxo-1,2,4-triazolo[1,5-a]pyrimidine-6- 
carboxylic Acids [79] 



0 O 




p-Quinone Methides [80] 



Figure 5. Structures and references for quinolone analogs that have not achieved high activity. 
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relationship between structure and activity against DNA gyrase, bacterial 
topoisomerase IV, and human topoisomerase II is coming into focus and 
should be more settled by that time. 

These are all comparatively safe projections based upon events currently in 
progress and their successful realization would materially enhance the desir- 
ability of these important antiinfective weapons. 
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Introduction 

The fluoroquinolones is the first group of synthetic antibacterial agents avail- 
able for clinical use. Since their introduction in the late 1980s, there has been 
a great expansion in the usage of fluoroquinolones as antimicrobial agents. 
Initially, these agents were primarily indicated in therapy of infections due to 
Gram negative bacteria and for prophylaxis in neutropenia or liver cirrhosis. 
With the introduction of agents with enhanced anti-Gram positive activities 
such as gatifloxacin and moxifloxacin, their indications have expanded to 
include acute bacterial infections of the respiratory tract and skin and soft tis- 
sue infections. Expectedly, resistance has become more prevalent among some 
organisms as the usage of this group of agents increased [1,2]. The first resist- 
ant strains were found in microorganisms that are inherently less susceptible 
such as staphylococci and Pseudomonas aeruginosa. However, reduced sus- 
ceptibility or resistance has been recently broadened to Escherichia coli. 
Salmonella spp., Campylobacter spp.. Neisseria gonorrhoeae and 
Streptococcus pneumoniae. Wide variations in the rates of resistance have 
been reported depending on the bacterial species, clinical settings, origins of 
strains, geographic locations and pattern of usage. Generally speaking, resist- 
ance is more prevalent in developing countries than in developed parts of the 
world. In areas where there has been extensive veterinary use, particularly 
among food animals, resistance rates were also higher. 

Nonetheless, concerns about resistance and technological advances have 
provided the impetus for better understanding of the mode of fluoroquinolone 
actions and the ways that microorganisms develop resistance. Important 
achievement in recent years include identification of quinolone-induced DNA 
strand breaks as a critical step in bacterial killing [3], modeling of the 
DNA-gyrase interaction at the breakage-reunion domain by crystallography 
[4], and characterization of fluoroquinolone efflux pumps such as PmrA in S. 
pneumoniae [5] and MexAB-OprM in P. aeruginosa [6]. In the following text, 
the latest epidemiology of fluoroquinolone resistance in medically important 
bacteria and their mechanisms of resistance will be reviewed. 
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Current situation of quinolone resistance in specific bacteria 

Gram positive bacteria 
Staphylococci 

Within a few years after the introduction of fluoroquinolones for clinical use, 
fluoroquinolone resistance had developed in clinical isolates of staphylococci. 
Interestingly, fluoroquinolone-resistant isolates were mostly distributed 
among the oxacillin-resistant staphylococci. Since mid-1990s, these strains 
have been reported from virtually all countries. In the past few years, fluoro- 
quinolone resistance rates remain high (>50% to 99%) among oxacillin-resist- 
ant staphylococci. Among the oxacillin- susceptible strains, fluoroquinolone 
resistance rates were generally perceived to be <5% (Tab. 1). 



Table 1 . Fluoroquinolone susceptibility of staphylococci in SENTRY and SCOPE programs 



Source (ref) 


No. tested 


Year(s) of study 


Geographical area (% isolates 
susceptible to ciprofloxacin) 


Oxacillin susceptible S. aureus 


[93] 


1072 


1997 


USA (94.1%), Canada (98.5%) 
and Latin America (86.6%) 


[94] 


50 


1995-1996 


USA (96%) 


Oxacillin susceptible CoNS 


[93] 


222 


1997 


USA (91.9%), Canada (94.9%), 
Latin America (97.5%) 


[94] 


121 


1995-1996 


USA (84%) 


Oxacillin resistant S. aureus 


[93] 


395 


1997 


USA (10.6%), Canada (50%) 
and Latin America (13.3%) 


[94] 


100 


1995-1996 


USA (8%) 


Oxacillin resistant CoNS 


[93] 


557 


1997 


USA (42.2%), Canada (55.0%), 
Latin America (42.9%) 


[94] 


173 


1995-1996 


USA (39%) 



CA, community-acquired; HA, hospital-acquired; CoNS, coagulase-negative staphylococcus. 



Streptococcus pneumoniae 

National and international surveillance has established that quinolone-resistant 
S. pneumoniae (QRSP) remains a rare occurrence (Tab. 2). However, more 
focused studies suggested that fluoroquinolone resistance in S. pneumoniae 
might begin to emerge in some areas. In Canada, a study of 7551 isolates 
found an increase in ciprofloxacin resistance (MIC > 4 pg/ml) from 0% in 
1993 to 1.7% in 1997-1998 [7]. In the United States, a study involving 12,045 
isolates found the proportion of isolates that were resistant to ofloxacin 
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Table 2. Susceptibility of Streptococcus pneumoniae to fluoroquinolones 



Source (ref) 


Specimen source 


Year(s) of 
study 


Geographical 

area(s) 


% Levofloxacin 
nonsusceptible (n) 


TRUST [20] 


Multiple sources 


1997-2000 


USA 


0.5% (n= 15,123) 


Sahm et al. [14] 


Multiple sources 


1997-1998 


USA 


0.3%" (n = 5640) 


SENTRY [91] 


Respiratory and blood 


1997-1998 


Europe 


0.4% (n = 698) 


SENTRY [93] 


Blood 


1997 


USA 
Canada 
Latin America 


0.3% (« = 341) 
2% (n = 102) 
0% (n = 32) 


SENTRY [24] 


Pneumonia 


1998 


USA 


0% (n = 195) 


SENTRY [88] 


Respiratory 


1999 


North America 


1.1% («= 1201) 


SENTRY [89] 


Respiratory and blood 


1997-1998 


USA 


0.5% (n = 3049) 


SENTRY [87] 


Respiratory 


1997 


USA and Canada 


0.8% («= 1100) 


SENTRY [90] 


Respiratory and blood 


1997 


USA, Canada, 
Latin America 
and Europe 


0.6% (n = 2284) 


Chen et al. 


Multiple sources 


1997-1998 


Canada 


L7%^ 0.6% 
(n = 1844) 



Figure for ciprofloxacin given. The breakpoints for nonsusceptibility were >4 pg/ml for both 
ciprofloxacin and levofloxacin. 



increased significantly from 2.6% in 1995 to 3.8% in 1997 [8]. In another 
study of 7,246 isolates from the United States, there has been a small but sta- 
tistically significant increase in the prevalence of levofloxacin resistance from 
0.1% in 1997-1998 to 0.6% in 1998-1999 [9]. Similarly, the SENTRY pro- 
gram has demonstrated an increase in levofloxacin-resistant isolates from 0.2 
to 0.8%, between the respiratory disease seasons of 1997-1998 and 
1998-1999 [10]. In southeast Asia, levofloxacin-resistant strains remain rare 
except in Hong Kong. In Hong Kong, two consecutive studies involving 361 
pneumococci from hospitals have demonstrated an increase in the proportion 
of levofloxacin nonsusceptible (MIC > 4 pg/ml) isolates from 5.5% in 1998 to 
13.3% in 2000 [11, 12]. In a case-control study, presence of chronic obstruc- 
tive pulmonary disease, nosocomial acquisition, nursing home residence and 
exposure to fluoroquinolones were independently associated with QRSP in the 
logistic regression model [13]. The isolates from Hong Kong were clonal 
while those from Canada and the United States [7, 8, 14] were not clonally 
related. Importantly, QRSP isolates in Hong Kong were multiply resistant and 
were related to the prevalent Spanish 23F clone [15]. This raises concern that 
the QRSP clone might spread to other countries, particularly when other Asian 
countries like Taiwan and Singapore have also reported the appearance of lev- 
ofloxacin-resistant isolates [16, 17]. In Spain, 30% of the ciprofloxacin-resist- 
ant pneumococci belonged to two internationally spread epidemic clones 
(France^'^-3 and Spain^^^-1), further highlighting the potential role of clonal 
dissemination in the emergence of fluoroquinolone resistance [18]. 
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Several studies from Hong Kong, Ireland and Canada have demonstrated a 
statistically significant association between reduced quinolone susceptibility 
and penicillin resistance [7, 11, 19]. At present, fluoroquinolone resistance 
was absent among isolates from the paediatric populations. Among the adult 
populations, FQ resistance was more frequent among isolates from the elder- 
ly and among respiratory isolates. Using the phenotype of a ciprofloxacin 
MIC of > 4 pg/ml to mark reduced susceptibility, Chen et al. found a preva- 
lence of 2.6% among isolates from those > 65 years comparing to 1.0% 
among those 15-64 years of age [7]. In a study of 5,640 isolates collected 
from the United States during the 1997 to 1998 respiratory season, similari- 
ties with the findings of Chen et al. were noted when the same phenotype was 
used to analyze the results [14]. Reduced susceptibility among isolates from 
those > 65 years of age (0.6%) was significantly higher than those among per- 
sons aged <15 years of age (0%). The prevalence of the phenotype was 0.5% 
among the respiratory isolates comparing to 0.1% among blood isolates [14]. 
In the SENTRY study, levofloxacin resistance was significantly higher among 
penicillin intermediate (2.3%) or resistant (2.8%) isolates, than in penicillin 
sensitive (0.1%) isolates [10]. Similarly, the Active Bacterial Core 
Surveillance program has found a link between levofloxacin resistance and 
penicillin resistance among the invasive pneumococci [8]. Nonetheless, one 
large study involving 15,123 isolates from the US concluded that levofloxacin 
resistance was not statistically associated with advanced patient age or peni- 
cillin resistance [20]. 



Gram negative bacteria 
Enterobacteriaceae 

Among the Gram-negative bacteria, the risk of development of resistance 
among members of the family Enterobacteriaceae was considered to be 
extremely low [21]. In one center, there was no increase in quinolone resist- 
ance among the Enterobacteriaceae 6 years after introduction of ciprofloxacin 
[22]. Table 3 showed the ciprofloxacin susceptibility of members in the fami- 
ly Enterobacteriaceae in recent studies. Generally speaking, the fluoro- 
quinolones continue to be active against most (>90-97%) E. coli, Klebsiella, 
Citrobacter, Enterobacter and Serratia species isolated from Canada and the 
United States [23, 24]. In contrast, fluoroquinolone resistance has been detect- 
ed in 10-25% of these isolates from Latin America [23, 25, 26]. In Europe, 
variations in quinolone resistance rates existed, with the highest rates reported 
in southern Europe (namely Greece, Italy, Portugal and Spain). In some 
regions, quinolone resistance has also become an important issue among the 
Enterobacteriaceae that caused nosocomial bacteremia. In a study of nosoco- 
mial bacteremia in 61 hospitals within the United Kingdom between 1997 to 
1999, ciprofloxacin resistance was found in 8% and 14% of the E. coli and 
Klebsiella spp. isolates respectively [27]. Another study from South Korea 
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Table 3. Ciprofloxacin susceptibility of Enterobacteriaceae in 1997-1998 



Geographic area 
spp. 




% susceptible 




E. coli 


Klebsiella spp. 


Enterobacter spp. 


Citrobacter 


Canada 


97-98.9 (100) 


93.8-94.7 (92.3) 


91.7-97.2 


93.8 


United States 


97.4-97.8 


93.2-98.1 (96.4) 


91.3-94.2 (95.4) 


96 


Latin America 


86.8-93.9 (77.5) 


81.9-84 (89.6) 


77.5-91.7 (64.3) 


80 


Austria 


100 


100 


- 


- 


Belgium 


94.7 


91.7 


- 


- 


France 


94.6-96.0 


96.8-100 


- 


- 


Germany 


91.8-98.0 


96.2-100 


- 


- 


Greece 


93.5 


84.8 


- 


- 


Italy 


93.4-90.5 


77.3-88.9 


- 


- 


The Netherlands 


94.9 


100 


- 


- 


Poland 


82.9-100 


54.6-86.7 


- 


- 


Portugal 


77.8 


100 


- 


- 


Spain 


76.7-88.0 


88.9-100 


- 


- 


Switzerland 


100 


100 


- 


- 


United Kingdom 


92 


92.6 


- 


- 



Figures extracted from the SENTRY antimicrobial surveillance program data. Data for countries in 
Europe were derived from testing isolates obtained between 1997-1998 [95]. Data for other countries 
were obtained from surveillance in 1997 or in 1998 [23-26, 58, 59]. Range indicates variations in iso- 
lates from different specimen sites or centers. 



reported a quinolone resistance rate of 16% among E. coli isolates causing 
bloodstream infection in a hospital [28]. 

Except among isolates from patients with cancer or cirrhosis that were 
given fluoroquinolone prophylaxis, development of quinolone resistance in E. 
coli has been rare until the past several years. Of note were several reports 
[29-31] that associated increasing use of quinolones with resistance in com- 
munity urinary isolates of E. coli. In The Netherlands, a surveillance of 
>90,000 E. coli urinary isolates demonstrated an increase in resistance to nor- 
floxacin from 1.3% in 1989 to 5.8% in 1998. Resistance among community 
isolates was associated with previous fluoroquinolones use but was independ- 
ent of age, gender and origin of the isolate [31]. At one institute in Spain, as 
fluoroquinolone consumption increase from 1392 g in 1990 to 3203 g in 1996, 
a drastic increase in ciprofloxacin resistance from 3% to 20% was observed in 
E. coli isolated from urine samples [30]. Interestingly, quinolone resistance in 
E. coli isolated from blood or other sample cultures was not increased [30]. In 
a case control study by Ena et al., risk factors independently associated with 
urinary tract infection by quinolone-resistant E. coli include prior treatment 
with fluoroquinolones, urinary tract abnormalities, age 65 years or above and 
urinary catheterization [32]. In regions with greater consumption of fluoro- 
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quinolones, there has been a significant increase not only in quinolone-resist- 
ant E. coli isolated from urine samples, but also bloodstream infections [28, 
35]. In contrast, a survey of >100,000 urinary isolates from the United States 
demonstrated that >98% of E. coli in community-acquired urinary tract infec- 
tion remain susceptible to the fluoroquinolones [33]. 

Quinolone-resistant E. coli [19, 28, 34, 35] as well as Klebsiella spp. [36] 
isolates were often also resistant to multiple antibiotics of unrelated classes. 
An association with production of extended- spectrum |3-lactamase has been 
repeatedly observed [36, 37]. In instances that involve ESBL-producing 
strains, Paterson et al. reported this to be due to the dissemination of a limited 
number of resistant clones [36]. Among isolates that were not producing 
ESBL, studies from Europe and South Korea have found little evidence of 
clonal spread [28, 34]. 

Campylobacter and Salmonella 

Quinolone resistance among the Campylobacters in both humans and food ani- 
mals is rapidly emerging worldwide since the early 1990s [38]. This was wide- 
ly believed to be the result of using quinolones, such as enrofloxacin and 
sarafloxacin as growth promoter in animal husbandry. In Denmark, 24% of 
Campylobacter coli isolates from pigs were resistant to enrofloxacin, whereas 
29% isolates from humans were resistant when 123 isolates were tested in 1997 
[39]. In the same year, C. jejuni with ciprofloxacin MIC of >256 pg/ml 
occurred in 12% of strains isolated from humans with acute gastrointestinal 
infections in North-West England and Wales [40]. In Spain, an extremely high 
frequency of ciprofloxacin resistance was detected among Campylobacter 
strains in 1997-1998, particularly those isolated from boilers and pigs (99%), 
with a slightly lower result for humans (72%) [41]. A similar trend has also 
been observed in North America. In Quebec, ciprofloxacin-resistant C. jejuni 
increased from 3.5% in 1992-1993 to 12.7% in 1995-1997 [42]. In Minnesota, 
the proportion of ciprofloxacin-resistant C. jejuni isolates in humans increased 
from 1.3% in 1992 to 10.2% in 1998 after the licensure of sarafloxacin and 
enrofloxacin in 1995 and 1996 respectively for animal use [43]. 

Since quinolone became the major alternative therapy for patients suffering 
from typhoid fever in the Indian sub-continent and Southeast Asian countries 
in the early 1990s, strains of Salmonella enterica serotype Typhi with reduced 
susceptibility to ciprofloxacin were increasingly recognized in these areas 
[44]. In Vietnam, the proportion of S. enterica serotype Typhi with reduced 
susceptibility to ciprofloxacin increased slowly from 4% in 1993 to 12% in 
1997 [45]. An epidemic of S. enterica serotype Typhi with reduced suscepti- 
bility to ciprofloxacin was first reported in Tajikistan (which is located to the 
north of Afganistan), where more than 6000 cases were identified within the 
first 3 months of 1997 in the capital [46]. Transcontinental spread of S. enter- 
ica serotype Typhi with reduced susceptibility to ciprofloxacin has also been 
reported [47]. In the UK, isolates obtained from travelers returning from Sri 
Lanka, Nepal, Bangladesh and Thailand demonstrated an increasing trend of 
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S. enterica serotype Typhi with reduced susceptibility to ciprofloxacin 
(MIC > 0.25 pg/ml), from 3% in 1995 to 23% in 1999. Furthermore, more 
than 50% of these isolates were also resistant to chloramphenicol, ampicillin, 
and trimethroprim [47]. 

Strains of S. enterica serotype Typhi with high level resistance to fluoro- 
quinolones have not been reported if the accepted British Society for 
Antimicrobial Chemotherapy and National Committee for Clinical Laboratory 
Standard breakpoints for ciprofloxacin (MIC of 2 pg/ml and 4 pg/ml respec- 
tively) for Enterobacteriaceae are used [48, 49]. In some instances, reduced 
susceptibility to ciprofloxacin has been associated with fluoroquinolone treat- 
ment failure in typhoid fever [50]. Fully quinolone-resistant strains will likely 
appear, perhaps in the near future. These strains would pose a major health 
problem particularly in areas where typhoid fever is endemic and public health 
measures inadequate. If high level resistance to quinolones emerge in S. enter- 
ica serotype Typhi, the remaining therapeutic options will be limited. 

Salmonella enterica serotypte Typhimurium phage type DT 104 with multi- 
resistant profile (ampicillin, chloramphenicol, streptomycin, sulphonamide, 
tetracycline) has emerged as an important food-borne salmonella infection in 
industrialized countries since 1997. Currently, it accounts for 8-9% of 
Salmonella isolates in the US [51]. In the UK, 12% of multi-resistant DT 104 
had reduced sensitivity to the fluoroquinolones (ciprofloxacin 
MIC > 0.5 pg/ml) [52]. A study from Denmark in 1998 demonstrated the first 
community outbreak of quinolone less susceptible and multi-resistant DT 104 
infection, in which 11 of 25 patients were hospitalized and two of them died. 
Epidemiological analysis suggested the resistant strains were spread from food 
animals to human [53]. In S. enterica serotype choleraesuis, a recent study 
from Taiwan suggested that fluoroquinolone resistance might be also emerg- 
ing [54]. Among isolates obtained in two medical centers, ciprofloxacin resist- 
ance increased from 0% between 1987 through 1999 to 60% in the third quar- 
ter of 2001. By molecular typing, most patient isolates had an identical profile 
to isolates recovered from pigs, suggesting that fluoroquinolone-resistant S. 
enterica serotype choleraesuis can spread from swine to human [54]. The link 
between animal use of quinolones and resistance in Campylobacters and the 
salmonellae will be further discussed later. 

Pseudomonas aeruginosa 

A wide range of quinolone resistance rates continued to exist among recent 
isolates of P. aeruginosa. At present, the fluoroquinolones is the only class of 
agents that can be given orally to treat infections due to P. aeruginosa. Hence, 
they were used more often in outpatient than in inpatient settings. In the 
ICARE Project, quinolone-resistant P. aeruginosa is the only organism, for 
which resistance rates in the outpatient areas (20%) were higher than those in 
inpatients (16.4-17.6%) [55]. In inpatients, quinolone resistance were partic- 
ular common in the settings of cystic fibrosis, ventilator-associated pneumonia 
and nosocomial urinary tract infection. In North America, the overall rates of 
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ciprofloxacin-resistant R aeruginosa have increased from 5-10% in early 
1990s [21, 56, 57] to >10% and up to 28% in 1997 [23, 25, 58, 59]. In Latin 
America, much higher ciprofloxacin resistance rates have been found, ranging 
from 26% in blood isolates [23], 32% in pneumonia isolates [26] to 69% in 
urinary isolates [25]. In the UK, \5% of P. aeruginosa isolates causing noso- 
comial bacteremia were ciprofloxacin resistant [27]. 

Haemophilus influenzae and Moraxella catarrhalis 

Fluoroquinolone resistance in both H. influenzae and M. catarrhalis remains 
extremely rare. Identification of such isolates has been limited to isolated 
reports from diverse geographic locations. A recent update of the Alexander 
Project indicated that in 1995 and 1996, 0.37 and 0.14% of 4,663 H. influen- 
zae strains were ofloxacin-resistant, respectively [60]. 

Gonococci 

Among the gonococci, quinolone resistance (ciprofloxacin MIC > 1 pg/ml) 
has increasingly been reported to correlate with treatment failure [61, 62]. 
Quinolone-resistant Neisseria gonorrheae (QRNG) is prevalent in Australia 
and most Southeast Asian countries. In these areas, studies such as those from 
the WHO Gonococcal antimicrobial susceptibility program (GAST) have 
revealed substantial increase in the incidence of resistance since the 
mid-1990s. In Australia and Singapore, the increase has been relatively mod- 
est, from 0.1% to 2.6% between 1992-96 and from 0.3% to 4% between 
1993-96 respectively [63]. In Japan, one center reported an increase from 7% 
in 1993 to 24% in 1998 [64]. In Hong Kong, China, Korea, Cambodia and The 
Philippines, intermediate resistance to ciprofloxacin is now exhibited by >50% 
of the current isolates [63]. As a result, the fluoroquinolones have been dis- 
continued as first line of treatment for gonorrhea in Hong Kong and Japan. In 
Canada and the US, the overall rates of fluoroquinolone resistance remain low, 
but sporadic QRNG isolates and endemic spread have been increasingly 
reported [65, 66]. The Gonorrhea Isolate Surveillance Project (GISP) has indi- 
cated that QRNG may be imported into and may spread in the US [65]. In 
Ohio, one study has documented the endemic spread of a single genotype 
within a few years [67]. These findings are important since the history of 
QRNG in the Far East indicated that rise in resistance can be rapid. 
Interestingly, most of the QRNG isolates in Japan and the US had chromoso- 
mally mediated penicillin resistance and were of Pro auxotype [66, 67]. 
Therefore, Pro gonococcal isolates may more easily acquire chromosomally 
mediated resistance not only to penicillin but also to the fluoroquinolones. 



Animal use, suboptimal human use and bacterial resistance 

In humans, there is evidence to link suboptimal use of quinolone such as using 
less active agents or giving recommended agents at sub-therapeutic dose with 
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development of quinolone resistance in certain microorganisms. In tropical 
countries such as the Indian subcontinent and Vietnam where typhoid fever is 
endemic, emergence of strains with reduced susceptibility has been attributed 
to the widespread and indiscriminate use of fluoroquinolones. In the 
Philippines, the emergence of quinolone-resistant gonococci has also been 
attributed to the widespread use of less active fluoroquinolone such as 
rosoxacin and norfloxacin in the 1980s for therapy of gonococcal infections. 
Subsequently, when ciprofloxacin became the primary therapy for gonorrhea 
the drug was often given at subtherapeutic dose, and as many as 30% of com- 
mercial sex workers in the Philippines have reported using prophylactic 
quinolone in a low dosage, before scheduled routine examination [68]. 
Concerning the pneumococci, one case-control study showed that a history of 
previous fluoroquinolone use, mostly with less active agents such as 
ciprofloxacin and ofloxacin was common among patients with respiratory col- 
onization or infection by quinolone-resistant strains [13]. 

According to the reports from the World Health Organization, it was esti- 
mated that about 50% of antibiotic production were used in the animal indus- 
try [69]. Quinolones are one of the commonly used groups of antimicrobial 
agents in food animals. There were 1 1 quinolones licensed for use in animals 
in different regions of the world in 1998. The annual consumption in areas 
such as the US, European countries, Japan, and South Korea has been esti- 
mated to be around 50 tons for proprietary quinolones and 70 tons for generic 
products [70]. In such a huge amount of antibiotic consumption, only a few 
were used as treatment or prophylaxis of infectious diseases in the animal. The 
majority of antibiotics were applied as growth promoters. Indiscriminate use 
of antibiotics including quinolones in animals might adversely affect human 
health in one of the following ways (Fig. 1). 



Selection of quinolone resistance in enteric pathogens 

There is evidence that quinolone use in food animals leads to the emergence of 
quinolone-resistant bacteria in animals. These resistant organisms are transmit- 
ted to humans via direct contact with the animal or through the consumption of 
contaminated food and water. Quinolone-resistant Campylobacter is one such 
example of animal-to-human transmission, as has been observed in many 
European countries since the early 1990s [71, 72]. Campylobacter spp. develop 
resistance readily because it is intrinsically less susceptible to the quinolones. A 
single point mutation may be enough to increase the MIC to a level above the 
breakpoint. Recently, incidence of quinolone-resistant Campylobacter spp. in 
the UK has increased from 11% in 1995 to 18% in 1998, following the intro- 
duction of enrofloxacin for animal use in 1993 [73]. Similarly, one report from 
the UK found that 12% of Salmonella typhimurium DT 104 had reduced sus- 
ceptibility to ciprofloxacin (MIC 0.1-1 pg/ml) [52]. Furthermore, one study in 
the US has found similar rates ciprofloxacin-resistant C. jejuni from human 
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Figure 1. Ecological consequences of quinolone use in food animal 



(10%) and domestic chicken (14%), and that the chicken isolates were identical 
to human isolates in the PCR-RFLP analysis [43]. 



Selection of quinolone resistance in colonizing flora 

Quinolone-resistant E. coli has been isolated from poultry samples soon after 
the introduction of quinolone for animal use [74]. An increasing trend of 
quinolone-resistant E. coli isolation in poultry and pork has been observed in 
another study, in which up to 90% of chicken harbored quinolone-resistant E. 
coli [75]. The high level of resistance among animal isolates was not only 
linked to the asymptomatic carriage of quinolone-resistant E. coli in the feces 
of healthy adults (24%) and children (26%), but also related to 
quinolone-resistant E. coli bacteremia in the hospital [75]. The concomitant 
use of antibiotic in humans may increase the risk of infection with a 
quinolone-resistant E. coli once colonized the gut of human. 



Acquisition of antimicrobial resistant gene via horizontal transfer 

Acquisition of antimicrobial resistant genes from bacteria in food animals to 
the commensal strains of the gut flora via horizontal transmission is another 
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concern. Excessive spread of resistant genes among Gram negative enteric 
bacilli, anaerobes, and Gram positive bacteria was previously demonstrated in 
the colon [76]. Transfer of the plasmid mediated resistant gene, CMY-2 from 
the food animal to human has recently been demonstrated in Salmonella and 
E coli [77]. While quinolone resistance determinants are encoded on the chro- 
mosome, the possibility that some of the resistant traits such as the efflux 
pumps becoming plasmid- or transposon-mediated cannot be completely ruled 
out. In fact, there has been one instance of a plasmid mediated quinolone 
resistance in a clinical isolate of Klebsiella pneumoniae although the mecha- 
nism of resistance remains undefined [78]. 



Direct absorption of residue antibiotic in animal food 

Residual antibiotics in meat can pass from animal to human as a result of 
dietary intake. At permitted minimum residue levels, their impact on bacterial 
resistance in human is estimated to be small, according to one investigation 
[69]. However, the available evidence is only limited and in fact this has been 
identified as a priority for future studies in a recent World Health Organization 
meeting [69]. 



Mechanism of bacterial resistance 

Fluoroquinolone mechanism of action 

DNA topoisomerases are classified as type I or type II according to whether 
transient single-strand breaks (type I) or double strand breaks (type II) are 
made in the DNA when the double helical strands unwind during DNA 
processes. Bacteria contain two distinct type II enzymes, DNA gyrase and 
topoisomerase IV. Both enzymes are essential in the regulation of DNA topol- 
ogy. DNA gyrase is essential for maintaining the degree of supercoiling in the 
bacterial chromosome. By catalyzing negative DNA supercoiling, it relieves 
torsional stress that accumulates in front of the replication forks. The physio- 
logical function of topoisomerase IV is different from that of DNA gyrase. It 
is the enzyme that partitions the daughter chromosomes following DNA repli- 
cation. Each of these enzymes comprises two subunits. DNA gyrase exists as 
an A 2 B 2 heterotetramer, encoded by the gyrA and gyrB genes. Topoisomerase 
IV exists as a C 2 E 2 heterotetramer, encoded by the parC and parE genes 
(sometimes referred to as grlA and grlB respectively in Gram-positive bacte- 
ria). 

The fluoroquinolones are bactericidal. This group of agents acts by inter- 
acting with DNA gyrase and/or topoisomerase IV (Fig. 2). Depending on the 
bacterial species and quinolone used either DNA gyrase or topoisomerase IV 
serves as the primary intracellular target of drug action. The latest model on 
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Figure 2. Diagrammatic representation of intracellular events involved in quinolone-mediated cell 
death, a) DNA bind to DNA gyrase or DNA topoisomerase IV in the “DNA accomodation groove” 
(represented by the concave surface), b) and c) Quinolone interact with the complexes of DNA-DNA 
gyrase or topoisomerase IV, converting it to a cleavage complex with double-stranded DNA break, d) 
By as yet undefined mechanisms including possiby collision between DNA tracking enzymes and the 
cleavage complex, transient enzyme-associated breaks are converted to permanent double-stranded 
breaks. As DNA breaks accumulate, the SOS response is activated which eventually induce cell death. 



the intracellular actions of the quinolones is as follows [3, 4, 79]. The 
quinolones bind to the DNA gyrase/topoisomerase IV-DNA complex and 
inhibit the physiological functions of the enzymes. Inhibition of the enzymat- 
ic functions itself is not lethal. Rather, by enhancement of DNA cleavage or by 
blocking DNA relegation after double- stranded cleavage by the enzymes, the 
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quinolones increase the intracellular concentrations of the cleavage complex- 
es that are intermediates in the DNA gyrase/topoisomerase IV-mediated reac- 
tions. When DNA tracking enzymes such as polymerases or helicases collide 
with these cleavage complexes, transient enzyme-mediated DNA breaks 
become permanent. It is the release and accumulation of permanent 
double-strand DNA breaks that leads to bacterial cell death. 



Mechanism of resistance 

Fluoroquinolone resistance is mediated by target modifications and/or 
decreased intracellular accumulation. So far, there have been no reports of 
enzyme-mediated destruction or modification of the antibiotic. This could be 
due to the fact that the fluoroquinolones are synthetic compounds and thus 
have not been previously involved in physiological processes. 



Target site modifications 

Resistance to fluoroquinolones due to target site alteration tends to develop in 
a stepwise manner. The MIC of mutants increases with each additional muta- 
tion in the topoisomerases. In most organisms, particularly the Gram-positive 
bacteria high-level resistance to the fluoroquinolones generally only occurs in 
the presence of mutations involving both DNA gyrase and topoisomerase IV. 
Depending upon the bacterial species and the fluoroquinolone concerned, first 
step mutants occur reproducibly in either the DNA gyrase or the topoiso- 
merase IV. In Gram-negative bacteria, DNA gyrase appears to be the primary 
cellular target for fluoroquinolones, whilst in Gram-positive bacteria topoiso- 
merase IV is generally the primary target. However, variations from the afore- 
mentioned rule have been found. In S. pneumoniae, first- step mutants selected 
with the newer fluoroquinolones such as moxifloxacin and gatifloxacin, unlike 
older fluoroquinolones, bore mutations in DNA gyrase first. 

Mutations in DNA gyrase and topoisomerase IV occur most commonly in 
the GyrA and ParC subunits respectively. The frequency of GyrB or ParE 
mutations, compared to GyrA and ParC respectively, has been relatively low. 
The deduced amino acid sequences of GyrA and ParC, and GyrB and ParE, 
respectively, show homology. However, many studies have failed to assign 
significance to mutations in GyrB and ParE. For instance, mutations in gyrB 
and parE among pneumococci had no apparent effect on the extent of 
quinolone susceptibility [80]. 

In GyrA, the most prevalent and resistant mutations occur over some 
hotspots within a small region near the N-terminus of the polypeptide. These 
mutations were closed to Tyrl22, which is the site covalently bound to the 
DNA. Concerning GyrA, the enzyme from E. coli has been studied most inten- 
sively. Based on the amino acid sequence of the E. coli enzyme, the most com- 
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Figure 3. Quinolone resistance determining regions (QRDR) of (A) GyrA and (B) ParC/GrlA from 
different bacteria. Amino acid substitutions known to associate with fluoroquinolone resistance are 
shaded. Numbering is based on those reported for E. coli. Underlined, the usual range of QRDR; bold- 
face, tyrosine residue at the active site; and shaded, common substitution sites associated with resist- 
ance to quinolones. (Sequences were obtained from GenBank under the following accessions: 
NP_416734, CAD07504, NP_251858, NP_438419, AAA82128, BAA01370 and NP_358692 for 
GyrA; NP_417491, CAD03006, BAA37152, P43702, AAA82151, P50073 and NP_358351 for 
ParC/GrlA) 



mon mutations that lead to drug resistance occur at Ser83 and Asp87 of the 
GyrA subunit. Other less frequent mutations occur at Ala67, Gly81, Ala84 and 
Glnl06 (Fig. 3). Because of the consistent occurrence of mutations within the 
same region from amino acid position 67 to 106, this region is commonly 
referred to as the quinolones resistance-determining region (QRDR). Recently, 
the three-dimensional crystal structure of the “breakage-reunion” domain of E. 
coli GyrA dimer has been published and a model proposed to explain the inter- 
action of the active site Tyrl22 with the DNA helix [4]. According to the 
model, amino acid residues in the QRDR lie in close spatial proximity to the 
active tyrosine site in the “DNA accommodation groove.” The current work- 
ing hypothesis is that mutations in the QRDR distort the positioning of DNA 
in the “groove.” As a result, binding of quinolone to the gyrase-DNA complex 
is reduced. 

For many Gram-positive bacteria, as for S. aureus and S. pneumoniae, 
first-step quinolone resistance mutations occur in parC or, less commonly, 
parE. Based on the S. pneumoniae coordinates of parC, the hotspots most 
favoured for giving rise to quinolone resistance occur at Ser79 and Asp83. 
Other less frequent mutations occur at Asp78, Asp84, Arg95, Alai 15 and 
Lysl29 (Fig. 3). Accordingly, the corresponding active tyrosine site occurs at 
position 118. 
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Decrease cellular accumulation of quinolones 

Reduced cellular accumulation of quinolones can occur as a result of 
decreased cellular entry and/or active drug efflux. In Gram-positive bacteria, 
active drug efflux was commonly inferred by MIC testing in the presence or 
absence of a efflux pump inhibitor such as reserpine or carbonyl cyanide 
m-chlorophenylhydrazone (CCCP). Susceptibility to quinolones typically 
increases by two- to eight-fold in the presence of an inhibitor. A number of 
efflux pumps, such as NorA in S. aureus and PmrA in S. pneumoniae have 
been identified in Gram-positive bacteria. NorA is expressed weakly in wild- 
type cells of all S. aureus isolates examined so far. In 5. aureus, promoter 
mutation and the resultant upregulation of NorA lead to resistance to nor- 
floxacin. In fluoroquinolone-resistant mutant S. aureus, it has been shown that 
enhanced efflux commonly precedes target site alteration. In S. pneumoniae, 
PmrA also appear to express at low level in wild-type cells. Studies with reser- 
pine suggest that at least half of resistant pneumococcal clinical isolates had 
evidence of enhanced efflux expression. Generally speaking, quinolone efflux 
drug alone does not lead to high level resistance in the Gram-positive bacteria. 
This mechanism has only a trivial effect on the antimicrobial activities of the 
newer fluoroquinolones such as gatifloxacin and moxifloxacin. There is no 
cross-resistance to other structurally unrelated classes of antibiotics. 

In contrast, drug efflux in Gram-negative bacteria such as R aeruginosa can 
be the major mechanism of high-level quinolone resistance. Furthermore, drug 
efflux in the Gram-negative organisms tends to have broad substrate specifici- 
ty, including fluoroquinolones and other structurally unrelated compounds 
such as the aminoglycosides and p-lactams. In Gram-negative bacteria, 
multi-drug transporters most commonly belong to the resistance-nodula- 
tion-division (RND) family. Each efflux transporter contains at least three sub- 
units: a transporter protein, an outer membrane efflux protein (OEP) and a 
periplasmic membrane fusion protein (MFP) that links the two. A number of 
RND efflux transporters such as MexAB-OprM in P. aerugionsa and 
AcrAB-TolC in E. coli have been reported and characterized. These systems 
are an integral part of the normal genetic complement of the bacteria and 
appear to have roles in bacterial adaptation in different ecological niches. 
Expression of these transporters is highly regulated. The level of expression of 
these pumps affects the extent of efflux-mediated fluoroquinolone resistance. 
Mutations in global regulator loci such as marA, as well as in the specific 
pump regulator loci such as acrR have been associated with hyper-expression. 

There are exceptions to the rule of stepwise development of quinolone 
resistance. Quinolone-resistant S. aureus obtained in vitro can harbor most of 
the mechanisms of resistance known, individually or in combination, and that 
mutations resulting in topoisomerase- and NorA-mediated FQ resistance can 
arise, alone or in combination, in a single step [81]. On the other hand, non-tar- 
get gene mutations in the efflux regulatory loci can interact with target alter- 
ations in the development of fluoroquinolone resistance. For example, it has 
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been shown that in E. coli non-target gene mutations regularly accumulate in 
second- and third- step mutants with topoisomerases alterations upon exposure 
to a fluoroquinolone. Therefore, it is likely that in most bacteria, mutations 
affecting fluoroquinolone efflux and drug binding to the target sites both con- 
tribute to resistance development in vivo. 



Prevention of resistance 

Fluoroquinolone resistance has important clinical implications. Surveillance 
and a better understanding of the mechanism of resistance are incomplete in 
the absence of efforts directed to reduce the scope of the problem. In some bac- 
teria, it appears that a single occult mutation in one of the topoisomerase tar- 
gets, such as single parC mutation in the pneumococci [82] or single gyrA 
mutation in S. enterica serotype cholerasuis [54] is a precursor to development 
of full resistance. To reduce the likelihood of selecting higher resistance, it 
may be important to be able to detect isolates with first-step mutations. 
Unfortunately, isolates with these resistance mechanisms will appear suscepti- 
ble and could not be detected reliably using conventional susceptibility meth- 
ods [54, 82]. This is an area that needs to be addressed in future studies. 

Our knowledge in the pharmacodynamics of the fluoroquinolones has 
expanded. Many in vitro studies have been conducted to compare the pharma- 
codynamics of the fluoroquinolones and their correlation with the likelihood 
of selecting for resistance [83]. Different views exist regarding the importance 
of one or the other parameter, a C^ax-MIC of > 10 and an AUCo_24-MIC of 
> 100 to 125 have been associated with a lower risk of resistance develop- 
ment. Nonetheless, available clinical data were limited and were mainly of a 
retrospective nature [84, 85]. In a study of 107 acutely ill patients treated in 
four clinical trials treated with ciprofloxacin or a p-lactam, AUCo_ 24 *MIC ratio 
of <100 was a significant predictor of development of resistance [85]. 
Similarly, in a study of 635 patients with Pseudomonas aeruginosa infections, 
AUCo_ 24 :MIC ratio of <110 was also found to correlate with a higher risk of 
development of resistance to ciprofloxacin [84]. 



Concluding remarks 

In conclusion, resistance to fluoroquinolones has become increasingly impor- 
tant in the past several years. In some areas, the current level of resistance has 
made this class of agents no longer appropriate as first-line agents for therapy 
of gonorrhoeae and Campylobacter gastroenteritis. The emergence of resist- 
ance among S. pneumoniae and urinary isolates of E. coli in the community is 
of particular concern. The epidemiology of quinolone-resistant S. pneumoniae 
is being closely monitored, at least in the developed countries. However, there 
is little information on the molecular epidemiology of the quinolone-resistant 
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Table 4. International and national antimicrobial resistance surveillance data available at the Internet 



Program 


Countries 


Internet address 


Alexander Project 


International 


http://www.alexander-network.com 


Gonococcal Isolate 
Surveillance Project 


United States 


http://www.cdc.gov/ncidod/dastlr/gcdir/gono.html 


National Nosocomial 
Infection Surveillance 


United States 


http ://w w w.cdc . gov/ncidod/hip/NNIS/members/ 
members .htm#nnisreports 


Public Health 
Laboratory Service 


United Kingdom 


http://www.phls.co.uk/publications/index.htm 



E. coli from the community. One recent study demonstrated that increase in 
cotrimoxazole resistance among community uropathogenic E. coli in the US 
could be related to outbreak of a few successful clones [86]. Further study to 
determine whether the recent increase in quinolone resistance among E. coli 
could be due to the same mechanism would be a priority, as it presents a poten- 
tial point for intervention to curtail resistance. 

The fluoroquinolones are increasingly use for therapy of presumed or doc- 
umented respiratory tract infections due to the atypical organisms. For the 
atypical pathogen such as Legionella, mycoplasma and chlamydia, there is a 
lack of resistance knowledge. Susceptibility testing of these organisms is more 
complicated and is not standardized. In the near future, centralized testing in 
few reference centers longitudinally would be preferred. 

The main focus of most on-going surveillance is the susceptibility of the 
monitored organisms to a panel of antibiotics. Few have incorporated the 
usage of the fluoroquinolones from the areas where the organisms were 
obtained, as part of the monitoring program. Resistance often emerges after 
extensive and particularly suboptimal use. Hence, efforts to incorporate antibi- 
otic usage data to existing surveillance should be intensified. The data should 
include not only the total usage but also the indications and dosage regimens. 

International and national surveillance data is available on the internet 
(Tab. 4), facilitating accessibility and dissemination. However, only the 
Alexander Project homepage allow access to the database, user-specified 
search and analysis. The results of some major international initiatives such as 
the SENTRY project were not available on their website and the format of 
publications (e.g., year period, geographical regions and source of isolates) 
can be variable [24, 87-91]. Further research and development on this issue is 
important, as it is unlikely that a single published format can suit the needs of 
different persons who might range from clinicians to microbiologists, epi- 
demiologists and health care administrators. 

It is clear that there is a link between animal quinolone use and the emer- 
gence of resistance among some of the zoonotic pathogens. The sub-therapeu- 
tic use of antibiotics including the quinolones as growth promoters in food ani- 
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mals should be banned [92]. Antibiotic usage in food animals should be mon- 
itored and prescribed by a veterinarian only when there is a clear indication. 
Surveillance of resistant microorganisms in animals is less precisely coordi- 
nated as the ongoing program targeted at human pathogens. Because of the 
link between resistance in animal and human pathogens, programs that target 
the resistance in the zoonotic pathogens such as Campylobacters and nonty- 
phoidal salmonellae should try to standardize the methods and the panel of 
agents tested. It is only through a coordinated effort that one can make a mean- 
ingful comparison of data from animals and humans. 
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Introduction 

Since their introduction to clinical use over half a century ago, antibiotics have 
become among the most commonly used drugs in a physician’s therapeutic 
armamentarium. There are, however, adverse effects that may be associated 
with these compounds and that range from mild, transient phenomena which 
may only be detectable by laboratory tests to severe life-threatening events 
such as anaphylaxis, seizures and on occasion ventricular arrhythmias. 
Fortunately these events are uncommon but it is incumbent upon physicians to 
be aware of them and to understand as much as possible about their pathogen- 
esis. This paper reviews the general mechanisms of antibiotic toxicity, and 
focuses on the fluoroquinolone-related adverse events. 

As we are dealing with safety and not efficacy data it has been difficult to 
obtain information exclusively from randomized controlled trials. When infor- 
mation was taken from such studies the safety data did not represent the pri- 
mary end points and in some cases there may not have been sufficient power 
to discriminate between the experimental drug and the comparator. 

A variety of sources have been used including animal studies, case reports, 
controlled trials and reviews. Consequently the results are not as robust as one 
would find when analyzing efficacy studies. 



General mechanisms of antibiotic toxicity 

Adverse events have been described with virtually every class of antibiotic. 
The varied untoward effects which one may see with drugs as diverse as the 
beta-lactams, the aminoglycosides, the macrolides and the fluoroquinolones 
can be explained by one of five mechanisms. These are: (1) direct effects; (2) 
hypersensitivity; (3) changes in microbial flora; (4) drug interactions; and (5) 
microbial lysis. 
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Direct ejfects 

Direct effects of an antibiotic resulting in laboratory and/or clinical toxicity are 
well described. Direct toxicity can affect a variety of tissues or organ systems 
such as the blood, kidney, nervous system and gastrointestinal (GI) tract, to 
name a few. Selected examples include: hemolytic anemia in patients with 
G6PD deficiency who have been given sulphonamides, azotemia resulting 
from tubular damage as a result of polymyxin or colistin administration, and 
deafness secondary to injury to the inner hair cells of the Organ of Corti fol- 
lowing neomycin or kanamycin injection [1]. 



Hypersensitivity 

Hypersensitivity is a term that is usually used when an immune response 
occurs either in an exaggerated or inappropriate form resulting in tissue and/or 
organ damage. There are classically four types of hypersensitivity reactions. 
Type I or immediate hypersensitivity refers to mast cell degranulation result- 
ing in the release of histamine following an encounter between a mast cell and 
bound IgE and an antigen. Type II refers to antibody-dependent cytotoxicity; 
Type III refers to the deposition of immune complexes in tissue; and Type IV 
refers to the release of lymphokines from antigen- sensitized T-cells following 
a secondary contact with the same antigen. 

Unfortunately, the terms allergy and hypersensitivity are frequently used in- 
appropriately and patients often refer to an allergy when in fact what they 
experienced was an adverse event resulting from the direct toxic effect of a 
drug. A common example is GI upset occurring with macrolides. Patients will 
state that they are allergic to a macrolide such as erythromycin when what they 
actually suffered was a direct mediated adverse event causing GI irritation and 
hypermotility. 

The reaction of greatest concern to physicians is Type I hypersensitivity 
since there is a risk that this may go on to full-blown anaphylaxis. Other exam- 
ples which are thought to be mediated by a hypersensitivity mechanism are a 
Coombs’ positive hemolytic anemia, serum sickness and the Stevens- Johnson 
syndrome and erythema nodosum. 



Changes in microbial flora 

Humans and animals are colonized by bacteria that form the host’s “normal 
flora.” The relationship between host and microbe is often mutually beneficial 
and one of the best examples of this is the synthesis of vitamin K by human 
enteric bacteria. 

If an individual is given a course of antibiotics, particularly one with a 
broad- spectrum of activity, the risk is that much of the normal flora will be 
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eradicated. This can result in clinical infection such as Candida vaginitis. A 
more extreme example is fungal superinfection following a course of antimi- 
crobials for a known bacterial infection. For example, Aspergillus pneumonia 
may develop in a patient who has recently completed a course of treatment for 
bacterial peritonitis. 



Drug interaction 

Ingestion of two or more antibiotics may result in unexpected adverse reac- 
tions, or unexpected unfortunate sequelae. One possibility is that one drug may 
render the other useless or ineffectual by interfering with its absorption while 
in other cases, drugs may display additive or synergistic toxicity resulting in 
adverse events which neither drug alone would produce. An example of the 
former interaction is seen with the ingestion of fluoroquinolones or tetracy- 
clines and antacids. Chelation by cations will seriously impair the absorption 
of the antimicrobial. Additive or synergistic toxicity has been described with 
tolbutamide and chloramphenicol resulting in severe hypoglycemia, and 
cephaloradine and furosemide causing nephrotoxicity [2]. 



Microbial lysis 

On occasion, patients have been known to deteriorate suddenly following the 
administration of an antibiotic and it was thought that this was occasionally 
secondary to the release of toxic products following microbial lysis. Two well- 
known reactions have been described for which adequate explanations are still 
unavailable. One is the Jarisch-Herxheimer reaction seen when patients with 
tertiary syphilis, particularly with brain involvement, are treated with intra- 
venous penicillin [3]. The other is erythema nodosum leprosum which is noted 
in up to one-half of patients with lepromatous leprosy treated with dapsone [4]. 
In such cases, the appearance of disseminated, tender, inflamed nodules with 
fever and in some cases polyneuritis, glomerulonephritis and severe joint pain 
have been described. 



The fluoroquinolones: structure/adverse event relationships 

The fluoroquinolones are a heterogeneous group of synthetic compounds each 
having a bicyclic nucleus with various substituents contributing to the antimi- 
crobial activity, pharmacokinetic properties and adverse effects. Their 
serendipitous discovery was the result of attempts to synthesize chloroquine 
which resulted ultimately in the discovery of nalidixic acid, the progenitor of 
the fluoroquinolone class. 
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The first generation quinolones provided coverage primarily of the 
Enterobacteriaceae. The second generation compounds witnessed the intro- 
duction of the fluorine atom at the C6 position and cyclopropyl at Nl, while 
the third generation compounds saw the addition of more complex amines at 
R7 and the use of a difluorophenyl at the Nl position. As the various genera- 
tions were developed, we noted the introduction of agents with broader activ- 
ity, increased potency against selected pathogens, and markedly improved 
pharmacokinetic and pharmacodynamic properties [5, 6]. 

Just as structure-activity relationships define the antimicrobial properties of 
a compound, so do structure-side-effect relationships determine the adverse 
events that one may witness with a particular drug or class of drugs (Fig. 1). 
While any radical may potentially cause an adverse effect, selected sub- 
stituents of the fluoroquinolone molecule such as Rl, R7 and X8 deserve spe- 
cial consideration and mention. The Rl substituents usually seen in fluoro- 
quinolones are ethyl, cyclopropyl or 2,4- difluorophenyl. The Rl cyclopropyl 
increases theophylline interactions and clastogenicity. The 2,4- difluorophenyl 
group has not been associated with any specific adverse events in terms of 
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Figure 1. Structure of adverse reaction relationships of fluoroquinolones 
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cause and effect, however, temafloxacin trovafloxacin and tosufloxacin have 
this same substituent at the R1 position. Temofloxacin and trovafloxacin have 
been associated with severe hemolysis and hepatotoxicity respectively [7, 8]. 
Substituents at the R7 site have the greatest effect upon gamma-amino butyric 
acid (GABA) binding inhibition and therefore are most likely to be involved 
with central nervous system (CNS) toxicity, specifically convulsions [9]. It 
also is important for NSAID potentiated central nervous system (CNS) effects 
and fluoroquinolone-theophylline interactions [9]. A halogen at the 8 position 
is the single most important variable for phototoxicity and may play a role in 
genetic toxicity as well. Positions 3 and 4 are related to metal binding and 
chelation, and there are data to suggest that R5 substituents may influence 
photo and genetic toxicity. The phototoxicity seen with grepafloxacin for 
example may be attributable to the C5 methyl group since there is no halogen 
at the 8 position. 



Organ system toxicity 

While adverse events can affect virtually any organ system or body site, the 
most frequently involved are the GI tract, skin, CNS and hypersensitivity reac- 
tions [8, 10]. The overall incidence of adverse events associated with fluoro- 
quinolones on the basis of data from the United States and Europe is given in 
Table 1. 



Table 1. Overall incidence (%) of adverse events associated with fluoroquinolones on the basis of US 
and European data 



Fluoroquinolone 


Total adverse 
effects 


Gastrointestinal 

effects 


CNS 

effects 


Skin 

effects 


Ciprofloxacin po 


5.8 


3.4 


1.1 


0.7 


Norfloxacin 


9.1 


3.9 


4.4 


0.5 


Pefloxacin 


8 


5.6 


0.9 


2.2 


Ofloxacin 


4.2 


2.6 


0.89 


0.53 


Levofloxacin 


2-9.9 (3.3) 


5.1 


0.2- 1.1 


0.2 


Lomefloxacin 


NS 5.1 


5.5 


2.4 




Fleroxacin (400 mg/200 mg) 


21 


11 


9 


3 


Sparfloxacin (400 mg/200 mg 


Overall: 3 2 
related:25.3 


10 


0.3 


1.9" 


Sparfloxacin RTI (400 mg/200 mg) 


Total:40.9; 
related: 13.7 


11.4 


4.2 


5.1 


Grepafloxacin (600 mg) 


Related:47 


15 


5 


2 


Trovafloxacin RTI (100 mg/200 mg) 


Related: 12.7 


6.1 


4.4 


0.2 


Trovafloxacin (100 mg/200 mg) 


27 


4-7 


- 


1 


Moxifloxacin (400 mg) 


Related: 27 
comparators: 24. 5 


8 


5.4 


2 
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Gastrointestinal tract 

Virtually all antibiotics have been associated with varying degrees of GI upset. 
With some classes such as beta-lactams this can be minimal, whereas with 
drugs such as erythromycin, GI toxicity can be a use-limiting feature. With the 
fluoroquinolones there are no obvious structure adverse event relationships 
and the GI upset is thought to be due either to a direct irritative effect or to be 
mediated via a central mechanism [9]. 

The overall incidence ranges from 2-20% and most frequently includes 
nausea and vomiting but on occasion, anorexia and dyspepsia have been 
reported as well [11, 12]. Taste perversion has been seen most frequently with 
grepafloxacin, a fluoroquinolone which was recently discontinued because of 
concerns related to cardiac toxicity. Pseudomembranous colitis has been 
described with fluoroquinolone use but is unusual. The rank order of fluoro- 
quinolone agents for GI adverse effects is: fleroxacin, grepafloxacin > 
trovafloxacin > sparfloxacin > pefloxacin > ciprofloxacin, levofloxacin > nor- 
floxacin > enoxacin > ofloxacin [12]. 



Central nervous system 

Toxicity involving the CNS is the second most common type of adverse effect 
and generally ranges in incidence between 1-2%. A wide range of events have 
been described varying from drowsiness and sleep disorders to dizziness, acute 
psychotic reactions and convulsions. These effects can result from one of two 
types of mechanisms. One is the direct action of a fluoroquinolone on recep- 
tors in the CNS, and the other is the result of the interaction between the fluo- 
roquinolone and a second pharmacologic agent administered to the patient at 
the same time. 

The direct actions on receptors can be further broken down into two sub- 
types. In one, the fluoroquinolone acts by binding to the GABA receptor and 
preventing the inhibitory neurotransmitter GABA from interacting with its 
own receptor and mediating its effect, thereby indirectly resulting in CNS 
stimulation. In another, the fluoroquinolone exerts a primarily excitatory effect 
by interaction with the N-methyl D-aspartate (NMDS) receptor, one of three 
excitatory inotropic receptors with glutamate as its natural ligand [13]. 

Binding of the fluoroquinolone to the GABA receptor can be enhanced by 
the presence of 4-biphenyl acetic acid (BPAA), an active metabolite of the 
NS AID fenbufen [14]. This drug interaction was clinically demonstrated when 
seven Japanese patients experienced seizures while taking the fluoroquinolone 
enoxacin and the non-steroidal agent fenbufen [15]. 

The GABA receptor interaction is not unique to the fluoroquinolones and 
has been described with certain beta-lactams as well such as penicillins, 
cephalosporins and carbacephams. 
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Interaction between a fluoroquinolone and a second pharmacological agent 
is probably best exemplified by the interaction between fluoroquinolones and 
theophylline. The latter agent is metabolized by cytochrome P450 enzymes 
which in turn may be inhibited by some but not all fluoroquinolones. A patient 
who is taking theophylline and a fluoroquinolone which inhibits the 
cytochrome P450 pathway would experience theophylline toxicity as the lev- 
els increased and could culminate in seizures [16]. The rank order of fluoro- 
quinolones associated with CNS adverse reactions is: fleroxacin > trova- 
floxacin > grepafloxacin > norfloxacin > sparfloxacin > ciprofloxacin > enoxa 
cin > ofloxacin > pefloxacin > levofloxacin [12]. 



Liver 

Adverse effects involving the liver can range from mild clinically inapparent 
elevations of liver enzymes to end stage liver failure requiring transplantation. 
The juxtaposition of severe hepatic toxicity and the vagaries of drug adverse 
reactions were highlighted recently by trovafloxacin. This broad spectrum flu- 
oroquinolone was for all intents and purposes withdrawn from the market 
because of severe liver toxicity and some deaths, and is discussed in a separate 
section dealing with unexpected adverse events. 

A mild transient increase in liver function tests usually unassociated with 
any clinical manifestations is seen in 2-3% of patients who are treated with a 
fluoroquinolone. Since many drugs are concentrated in the liver, hepatotoxic- 
ity may occur as the result of a direct chemical effect or secondary to a hyper- 
sensitivity reaction. 



Skin 

Adverse reactions caused by photosensitivity and occasionally by hypersensi- 
tivity are expressed in the skin. The term photosensitivity includes photoaller- 
gy and phototoxicity. Photoallergy, which is quite rare, requires a prior 
encounter with the causative fluoroquinolone, the presence of photohaptens 
and the manifestations usually appear 1-2 days following such exposure [17]. 
This is in contrast to phototoxic reactions which may occur even with the ini- 
tial drug exposure as long as there is sufficient UVA (320-420NM) contact 
and the drug is one which is known to cause such events. These are consider- 
ably more frequent than photoallergic phenomena. 

When a fluoroquinolone is exposed to UVA radiation, one of three things 
may occur. It may decompose, it may return to its ground state, or it may pass 
the light energy on to oxygen resulting in the creation of toxic products such 
as singlet oxygen. Such toxic radicals and products can damage cell mem- 
branes and thus elicit an inflammatory response [18, 19]. The resultant clini- 
cal manifestations may vary in severity from the equivalent of a mild sunburn 
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to severe bullous reactions. Fluoroquinolones which attain high concentrations 
in skin are more likely to result in phototoxicity, but the most important deter- 
minant is the presence of a halogen, particularly fluorine at the 8 position [9, 
12]. As already mentioned, a methyl group at R5 (grepafloxacin) may con- 
tribute to phototoxicity as well. 

The rank order for phototoxicity among the fluoroquinolones is: lome- 
floxacin, fleroxacin > sparfloxacin > enoxacin > pefloxacin > ciprofloxacin, 
grepafloxacin > norfloxacin, ofloxacin, levofloxacin, trovafloxacin [12]. 

Allergic or hypersensitivity reactions secondary to fluoroquinolone use 
occurs with an overall incidence of 0.5-3% and varies in severity from a mild 
rash to a severe exfoliative dermatitis. In extreme cases, anaphylaxis may 
occur. While this is certainly more likely to happen with a beta-lactam com- 
pound, both anaphylactoid and anaphylactic reactions have been described in 
up to 1.2/100,000 patients (0.0012%) treated with a fluoroquinolone [11]. 



Cardiac 

The cardiac effect of greatest concern is prolongation of the rate corrected QT 
interval (QTc). This phenomenon is well-known with the macrolide class of 
antibiotics and has been associated with over 50 drugs of various classes cur- 
rently listed in the compendium of pharmaceutical agents used by U.S. physi- 
cians (Physician’s Desk Reference). The prolongation described with fluoro- 
quinolones is felt to be a class effect, but the mechanism by which it occurs is 
unknown and it is thought to probably be multifactorial in nature. Even with a 
drug known to be as safe as ciprofloxacin, ventricular tachycardia can be 
induced when it is given rapidly intravenously at high doses (300 mg/kg) [20]. 

The main concern is that QTc prolongation may ultimately result in a malig- 
nant form of ventricular tachycardia known as Torsades de Pointes. In gener- 
al, fluoroquinolones should probably be avoided in patients with known QT 
interval prolongation, patients with uncorrected hypokalemia, and patients 
receiving Class I A or III anti-arrhythmics. 



Musculoskeletal 

The adverse events of concern are either arthropathy or tendonitis. 
Cartilaginous lesions have been described in the weight-bearing diarthrodial 
joints of juvenile animals which had been exposed to prolonged high doses of 
fluoroquinolones. This is what led to the moratorium on the use of fluoro- 
quinolones in children. In humans, it typically seems to involve weight-bear- 
ing joints of patients less than 30 years of age occurring with an overall inci- 
dence of 1% and resolving when the fluoroquinolone is discontinued [21]. 

The arthropathy described in animals is a class effect and virtually all fluo- 
roquinolones tested have induced changes in immature cartilage of all animals 
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Studied. The cartilage lesions typically seen are fissures, blisters and erosions 
resulting from necrosis of the chondrocytes and disruptions of the extracellu- 
lar matrix [22]. The exact mechanism is unknown and no definite structure 
adverse event relationship has been established. Some data however, suggest 
that the fluoroquinolones chelate magnesium ions resulting in disruption of the 
signal transduction from chondrocyte surface integrin receptors thought to 
play a role in maintaining the integrity of the cartilage matrix [23]. To date 
there is no evidence which categorically links fluoroquinolone use to arthropa- 
thy in humans and the long held restrictions appear to be lifting. 

Tendonitis and tendon rupture are rare events associated with fluoro- 
quinolone use but when they occur, the Achilles tendon is typically involved 
either unilaterally or bilaterally. Predisposing factors include steroid use, renal 
disease, hemodialysis and transplantation [8]. It is a class effect and inflam- 
mation may persist for several months in 10% of patients who develop this 
problem [24]. 



Renal 

Adverse effects involving the kidney include hematuria, crystalluria, intersti- 
tial nephritis and acute renal failure resulting either from direct damage or 
hypersensitivity. Typically patients are older with the average age being over 
65 years [12, 25]. 



Unexpected adverse events 

We have learned that prelaunch clinical trial data may not be sufficient to high- 
light adverse events that occur with a very low incidence. For example, if a par- 
ticular adverse event effects 1 in 30,000 people, trial data based on 15,000 indi- 
viduals may not demonstrate the event of concern. It is now clear that post-mar- 
keting surveillance data involving much larger numbers of patients are needed 
to truly illustrate the range of toxicities that may occur with a particular drug. 

Temafloxacin (Abbott) and trovafloxacin (Pfizer) are two fluoroquinolones 
of interest because of such unexpected events. Temafloxacin was launched in 
the United States in January 1992 and was withdrawn worldwide in June 1992 
because of a constellation of adverse events known as the “temafloxacin syn- 
drome.” This was defined as hemolytic anemia or involvement of at least two 
of the following three systems in the absence of hemolysis: renal, hepatic and 
coagulation [7]. The typical patient presented with fever, discoloured urine, 
nausea, vomiting, jaundice, abdominal pain, myalgia and/or back pain and, in 
most cases, these findings resolved within days to weeks after the fluoro- 
quinolone was discontinued. 

Of the cases reviewed, 95 met the criteria for hemolysis and 19 met the cri- 
teria for multi-system disease [7]. The mean time to onset of hemolysis was 
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6.4 days but no correlation was noted with the dose of the drug. Fifty-eight 
percent of the hemolysis cases received doses of 600 mg bid, while 39% 
received 400 mg bid. Of the patients who developed hemolysis, renal dys- 
function developed in 54 and 34 required dialysis. Biopsy studies revealed 
acute tubular necrosis together with “pigmented casts” and evidence of “hemo- 
globin plugging.” Forty-eight of the 95 cases (51%) had evidence of hepatic 
dysfunction, and 33 (35%) had evidence of coagulopathy. Four patients expe- 
rienced CNS complications including seizures secondary to cardiovascular 
accidents, and two patients with hemolysis died of ischemic colitis and dis- 
seminated intravascular coagulation and of renal failure. 

The pathogenesis of the temafloxacin syndrome is not understood and a 
number of questions remained unanswered. They are: (1) Was the hemolysis 
the result of direct toxicity or was it immune mediated? (2) Did hemolysis lead 
to renal, hepatic and coagulation abnormalities or was there some underlying 
process which was responsible for all of the manifestations? (3) What is it 
about the temafloxacin molecule that caused any or all of these problems? 

It has been suggested that temafloxacin induced an immune hemolytic ane- 
mia secondary to immune complex formation and that the hemolysis lead to 
the involvement of the other systems [7]. The structural aspect of interest is the 
difluorophenyl substituent at the N1 position, the same structure seen with 
tosufloxacin trovafloxacin and temafloxacin. 

Interestingly, trovafloxacin has been associated with unexpected toxicity as 
well. Following its much-anticipated release as a broad- spectrum fluoro- 
quinolone with 14 approved indications, post-marketing surveillance revealed 
a surprisingly high incidence of hepatotoxicity. Of 2.5 million patients treated 
with trovafloxacin, 140 cases of serious hepatic toxicity with 14 cases of acute 
liver failure were described [26, 27]. Most patients who experienced toxicity 
recovered but five required liver transplantation and five patients died. 

Liver biopsies revealed that six patients has eosinophilic hepatitis and 30% 
of patients with toxicity had peripheral eosinophilia raising the question of a 
hypersensitivity reaction. In a small number of cases, the toxicity followed 
exposure to a second course of treatment with trovafloxacin or with another 
fluoroquinolone. 

Grepafloxacin is another agent that has been withdrawn from the market. It 
was felt that because of QT prolongation associated with this drug, some 
patients might be at unduly high risk of Torsades de Pointes if treated with this 
agent. As discussed earlier, however, QTc prolongation is probably a class 
effect and is not necessarily an unexpected phenomenon, although some of the 
agents such as grepafloxacin and sparfloxacin, a fluorinated fluoroquinolone 
at the 8 position, seem to be associated with more of an effect than other mem- 
bers of this class. 

Gemifloxacin is a fluoroquinolone that until very recently was under devel- 
opment by GSK. It has two features which arguably suggest that adverse 
events might be encountered. These are a nitrogen at the 8 position making the 
molecule a naphthyridone and 2-4 difluorophenyl at the 1 position. Because of 
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its enhanced affinity for topoisomerase IV it has potent activity against most 
Gram positive cocci particularly S. pneumoniae and it is 30-fold more active 
than ciprofloxacin against this pathogen [28]. 

In a randomized controlled trial gemifloxacin was found to be significantly 
superior to trovafloxacin for treatment of community acquired pneumonia and 
preliminary results from clinical trials in acute exacerbations of chronic bron- 
chitis, sinusitis and urinary tract infection suggested that the drug was effec- 
tive and well tolerated [29-32]. 

The safety data suggest that there were no obvious problems with hepatotox- 
icity, photosensitivity, CNS events or QTc prolongation. Rash was reported in 
3.3% of gemifloxacin patients as opposed to 0.7% of patients treated with a 
comparator (data on file with GSK). GSK has decided not to pursue their asso- 
ciation with the drug and instead LG Chemical will try to market the compound. 

Of the currently available fluoroquinolones the agents most frequently used 
are ciprofloxacin, moxifloxacin, gatifloxacin and levofloxacin. Ciprofloxacin is 
a second generation fluoroquinolone in use for over a dozen years while the 
others are referred to as the respiratory fluoroquinolones. Moxifloxacin and gat- 
ifloxacin are two new agents with increased Gram positive coccal activity while 
levofloxacin is the active L-isomer of ofloxacin and as such is not a new drug. 

Each of these agents has been associated with adverse drug reactions. 
Typically these are mild but occasionally they are moderate and rarely severe. 
The same can be said however, of virtually any drug in any class that is used 
often in clinical practice. Toxicity has been described with the macrolides, the 
beta lactams and the aminoglycosides to name just a few but as with all of 
these, the toxicity is usually mild. 

Generally the fluoroquinolones are safe and well tolerated and the incidence 
of adverse events must be kept in its proper perspective. For example an inci- 
dence of 140 cases of hepatotoxicity in 2.5 million patients treated with 
trovafloxacin is only 0.0056%, which is certainly uncommon and is similar to 
the rates of hepatotoxicity reported for beta-lactams such as flucloxacillin and 
amoxicillin-clavulanate [33, 34]. 

In order to better understand the adverse events associated with fluoro- 
quinolones further additional efforts are needed in a number of areas. We must 
further define the drugs themselves and their various substituents that could 
predispose to toxicity. Examples include the radicals at the 1 and 7 positions, 
and whether being a naphthyridone makes a difference. 

Host related factors such as age, drug clearance or genetic predisposition 
must be explored and risk factors in general should be delineated. This may be 
accomplished with the use of regression analysis of large data sets as well as 
subset analyses. 

These can be summarized as: 

1. Structure adverse event relationships 

2. Host factors 

3. Risk factors 
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Introduction 

High rates of penicillin-resistant and multi-drug resistant organisms are influ- 
encing the empiric treatment of respiratory infections and allowing the new 
fluoroquinolones (FQs) (e.g., gatifloxacin, gemifloxacin, levofloxacin and 
moxifloxacin) to serve as important treatment alternatives. Selection of the 
optimal fluoroquinolone dosing regimen, however, requires careful considera- 
tion of not only organism and patient- specific factors but also pharmacokinet- 
ics (PK) and pharmacodynamic (PD) characteristics. The newer FQs display 
excellent bioavailability and have longer serum half lives than ciprofloxacin. 
In addition, they have the ability to concentrate in respiratory tract tissues and 
fluids at levels that exceed serum-drug concentrations. The broad spectrum of 
activity including against antibiotic resistant organisms as well as favorable 
pharmacokinetics makes the new FQs attractive therapeutic alternatives to tra- 
ditional agents for common respiratory infections. Understanding the PK/PD 
of fluoroquinolone (FQ) antibiotics can facilitate selection of optimal regi- 
mens to hasten response, prevent treatment failures, and minimize the devel- 
opment of resistance. Although this paper will discuss all recently developed 
fluoroquinolones, the focus will be on recent data with agents currently used 
or soon to be available for clinical use (e.g., ciprofloxacin, gatifloxacin, gemi- 
floxacin, levofloxacin and moxifloxacin). This review describes the PK and 
PD characteristics of the new FQs and discusses its implication on adequate 
therapy of patients with respiratory infections. 



Pharmacokinetics 

The newer FQs exhibit improved PK properties as compared to the older 
agents such as ciprofloxacin. First, their serum half-lives are significantly 
longer, allowing for once daily dosing. Second, these agents achieve higher 
peak serum concentrations (Cmax), resulting in higher Cmax/MIC ratios. 
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which result in excellent bacterial killing. Third, an increased volume of dis- 
tribution of the newer FQs results in extensive tissue penetration [1, 2, 2a]. The 
pharmacokinetic parameters of the new FQs following a single dose are sum- 
marized in Table 1 [2-59]. 



Absorption 

All of the new fluoroquinolones are well absorbed after oral administration, 
with bioavailability ranging from approximately 70% for grepafloxacin to 
99% for levofloxacin (Tab. 1). The majority of the new fluoroquinolones are 
absorbed quickly, attaining their maximum concentration in plasma (Cmax) 
within approximately 1 to 2 h after oral administration (Tab. 1). A number of 
investigations into the effect of food on the pharmacokinetics of the new fluo- 
roquinolones have demonstrated that although food intake can slow absorp- 
tion, it does not cause clinically significant alterations in the extent of absorp- 
tion (area under the plasma concentration time curve [AUC]) or overall 
bioavailability of gatifloxacin, gemifloxacin, levofloxacin and moxifloxacin 
[60, 13, 20, 33, 41]. Therefore, all of these new fluoroquinolones can be given 
orally without regard to food intake. 



Distribution 

The new fluoroquinolones have volumes of distribution, ranging from 1.1 to 
7.7L/kg and protein binding ranging from 5-73% (Tab. 1). Their distribution 
into selected fluids and tissues is summarized in Table 2 [5, 6, 8, 12, 13, 15, 22, 
27, 31, 33, 58, 61-78]. The limited data on the penetration of the new fluoro- 
quinolones into cerebrospinal fluid suggest that it is not as extensive as that of 
ciprofloxacin (Tab. 2), with the exception of trovafloxacin. Overall, the new flu- 
oroquinolones display good penetration into alveolar macrophages, bronchial 
mucosa, epithelial lining fluid, and saliva. Specifically, grepafloxacin and mox- 
ifloxacin display superior penetration into alveolar macrophages and epithelial 
lining fluid in comparison to ciprofloxacin (Tab. 2). Concerning inflammatory 
fluid penetration, the new fluoroquinolones all demonstrate fluid to serum 
ratios in the range of 0.9 to 1.3 (Tab. 2). Limited data on gemifloxacin suggests 
that it is well distributed into inflammatory fluid, prostatic fluid and saliva sim- 
ilar to other fluoroquinolones (Tab. 2). This is not surprising as gemifloxacin 
demonstrates a large volume of distribution (3.5 L/Kg) (Tab. 1). 



Elimination 

All of the new fluoroquinolones exhibit longer half-lives than that of 
ciprofloxacin (Tab. 1). Gatifloxacin and levofloxacin are excreted in the urine 




Table 1 . Pharmacokinetic parameters of the new fluoroquinolones following a single oral dose 
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n.d. = no data; F = bioavailability; Cmax = peak concentration reached in the plasma/semm; Tmax = time to reach Cmax; AUC = area under the concentration time 
curve; Tl/2 = half life; Vd = volume of distribution, a: Dosage only applies to Cmax and AUC. The other parameters represent an average of the values available in the 
literature irrespective of dosage. The dosages reported are based on the dosages commonly used in clinical trials for these drugs, b: dose adjustment refers to whether 
or not the fluoroquinolone requires any dosage adjustments in patients with impaired renal or hepatic function. Only adjust in severe renal impairment (creatinine clear- 
ance < 29 ml/min). 




Site Tissue/serum or fluid/serum ratio [reference] 
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as the parent compound (>50%), indicating that these agents primarily under- 
go renal elimination (Tab. 1). Conversely, gemifloxacin and moxifloxacin are 
eliminated predominantly by non-renal pathways (Tab. 1). In patients with 
renal impairment, the dosages of gatifloxacin and levofloxacin require dosage 
adjustments [33, 77]. Dosage adjustment is also required for gemifloxacin in 
patients with severe renal impairment, even though this agent displays pre- 
dominantly non-renal elimination (Tab. 1). Allen et al. demonstrated that in 
severely renal impaired patients (CrCl 10-29 ml/min), the total plasma clear- 
ance of gemifloxacin was reduced by approximately 50% and the half-life was 
prolonged to approximately double that compared to subjects with normal 
renal function [24]. Based on these findings, it is recommended to reduce the 
dose of gemifloxacin by half when administering it to patients with severe 
renal impairment [24]. 

A number of investigators have studied the pharmacokinetics of the new flu- 
oroquinolones in special populations. In the elderly, it has been demonstrated 
that the pharmacokinetics (e.g., bioavailability) of levofloxacin, gatifloxacin 
and moxifloxacin are not appreciably affected [15, 21, 33, 79]. The pharma- 
cokinetics of levofloxacin remains unchanged in patients with Acquired 
Immunodeficiency Syndrome (AIDS) in relation to healthy adults [80]. 
Levofloxacin also displays similar pharmacokinetics in asymptomatic Human 
Immunodeficiency Virus (HlV)-infected individuals compared to healthy sub- 
jects [81]. 



Pharmacodynamics 

The pharmacodynamic parameters of antibiotics describe the relationship 
between the drug’s serum concentration and its corresponding pharmacologi- 
cal and toxicological effects [82]. Optimal therapy requires the consideration 
of all of the available data from in vitro and animal models on pharmacody- 
namics as well as clinical trials and translation of these data into an antibiotic 
regimen that maximizes clinical efficacy and minimizes toxicity [83]. 
Evaluation of the in vitro activity of fluoroquinolones and other antibiotics is 
usually performed through measurement of MIC values, and less frequently 
minimum bactericidal concentration (MBC) [82, 84]. MICs measure the net 
drug effect when a standard bacterial inoculum is exposed to a fixed and con- 
stant drug concentration for 18 to 24 h [85]. Although MIC and MBC meas- 
urements reveal useful information on the inhibition or killing of a pathogen at 
the measured endpoint, they are static measurements that do not provide data 
on the time-course of antimicrobial action, including the duration of drug 
exposure necessary for bacterial eradication, the rate of bactericidal activity or 
persistent effects of antimicrobial agents [82, 84]. Similarly, pharmacokinetic 
parameters considered alone provide some clues to the clinical outcome, but 
do not sufficiently predict the true clinical response [79]. Assessment of phar- 
macodynamic activity of antimicrobial agents based on the integration of 
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microbiologic activity, pharmacokinetics, and achievable serum and tissue 
concentrations is necessary for the best prediction of in vivo potency and effi- 
cacy [86, 87]. 

Inherent in a drug’s antimicrobial activity is binding or interacting with spe- 
cific targets in the respective pathogen and occupying the necessary number of 
critical binding sites for a minimum period of time. As such, the mathematical 
description of bacterial killing can be described as a function of the relation- 
ship between the peak serum drug concentration (Cmax) and time of exposure, 
expressed as the area under the plasma concentration-time curve (AUC) [83]. 
Pharmacodynamic properties can be used to predict the therapeutic response 
of microorganisms to antimicrobials by correlating measures of drug exposure 
(peak serum concentration [Cmax] or area under the plasma concentration- 
time curve over 24 h of dosing [AUC24]) to measures of drug potency (MIC), 
or by evaluating the time the drug concentration remains above the MIC [79]. 
Thus the pharmacokinetic/pharmacodynamic parameters of interest in predict- 
ing clinical outcomes are the Cmax/MIC, the AUC24/MIC (also sometimes 
referred to as the area under the inhibitory plasma concentration-time curve 
[AUIC]), and the time above the MIC (T/MIC) [82]. 

It has been clearly documented that antibiotics display two types of anti- 
bacterial activity, either concentration-dependent killing or time-dependent 
killing [85]. In time-dependent (or concentration-independent) killing, once 
the antibiotic concentration exceeds two to five times the MIC for a particular 
organism, the rate of killing becomes saturated and further increases in con- 
centration do not increase the speed or extent of microbial death [82, 83]. The 
extent of bacterial killing for antibiotics in this group (p-lactams, vancomycin, 
clindamycin, and the macrolides) correlates poorly with the peak serum con- 
centration and instead the best predictor of clinical success is the duration that 
serum antibiotic concentrations exceed the MIC of the microorganism [82, 
83]. Since the primary parameter influencing in vivo success of these agents is 
T/MIC [82], small frequent doses will optimize clinical success [79]. 
Conversely, for antimicrobial agents that kill bacteria in a concentration- 
dependent manner, the rate and extent of bactericidal activity increases pro- 
portionately as the drug concentrations are increased, even at levels substan- 
tially above the MIC of the targeted organism [82, 83]. Aminoglycosides and 
fluoroquinolones display concentration-dependent killing [82, 83, 86-89]. 
However, although this theory was proven for Gram-negative pathogens, 
Dalhoff has demonstrated that sparfloxacin and ciprofloxacin exhibit concen- 
tration-independent effects versus Gram-positive isolates, while retaining con- 
centration-dependent killing for Gram-negative bacteria [84]. In contrast, 
moxifloxacin displayed concentration-dependent activity for both Gram-posi- 
tive and -negative organisms, a possible indication of higher intrinsic activity 
for Gram-positive species or modified target specificity over some of the older 
agents [84]. 

Despite the above findings, overall fluoroquinolones are still considered to 
possess concentration-dependent activity and the AUC24/MIC and Cmax/MIC 
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ratios have correspondingly shown to be the major parameters predictive of 
bacteriological eradication and clinical efficacy [90]. In order to optimize clin- 
ical outcomes in bacterial infections treated with fluoroquinolones, a number 
of investigators have studied which of these pharmacodynamic ratios display 
higher correlation with therapeutic success and the optimal target ratios to 
maximize bacterial eradication. In vitro models have provided conflicting 
reports, some indicating that the AUC 24 /MIC provides the best correlation with 
bacteriological eradication [91, 92], while others suggest that Cmax/MIC is 
more predictive of eradication [93]. The characterization of whether one 
parameter provides greater predictive correlation with bacteriological and/or 
clinical cure than the other is difficult as interrelation of the variables is 
inevitable and neither stands alone as the sole determinant of antibacterial 
effects [91, 94]. Further increasing the complexity of the results, in vitro stud- 
ies evaluating the activity of ciprofloxacin, gatifloxacin and levofloxacin 
against strains of S. pneumoniae have shown that the AUC 24 /MIC and the 
T/MIC may better predict bacteriological eradication than Cmax/MIC [95], 
potentially due to time-dependent bactericidal activity of some fluoro- 
quinolones for Gram-positive species, as discussed above. 

Hoang et al. have reported concentration-independent killing of lev- 
ofloxacin versus S. pneumoniae [95a]. Data from human studies exhibit simi- 
lar controversies. In the treatment of infections with levofloxacin, the 
Cmax/MIC predicted clinical outcomes and microbiologic eradication better 
than the AUC 24 /MIC, although the two parameters were highly correlated [96]. 
Clinical trials of intravenous ciprofloxacin and oral grepafloxacin in the treat- 
ment of respiratory tract infections have demonstrated that the AUC 24 /MIC 
appears to be the most important parameter predicting the probability of both 
clinical and bacteriologic cures and the time to bacterial eradication [97-99]. 
However, these trials also showed that a high Cmax/MIC helps prevent selec- 
tion of resistant bacterial strains, and thus may be the more important param- 
eter if there is a significant risk of emergence of resistant subpopulation [99]. 
Recent explanations suggest that if the Cmax/MIC ratio is greater than 10:1 it 
will be the most important parameter in determining outcomes, whereas at 
Cmax/MIC ratios of less than 10:1, the AUC 24 /MIC ratio will better predict 
therapeutic results [91, 96]. 

In terms of optimal target ratios, it has been shown that attainment of peak 
serum concentration (Cmax) to MIC ratios of >10:1 for fluoroquinolones 
increases the probability of successful clinical and microbiological outcomes 
and prevents the emergence of resistant mutants during therapy [82, 96, 97]. A 
landmark clinical study by Forrest et al. reported that the optimal AUC24/MIC 
(AUIC24) with ciprofloxacin of greater than or equal to 125 was associated 
with bacterial eradication in critically ill patients with nosocomial lower res- 
piratory tract infections caused by Gram-negative bacilli (e.g.. Pseudomonas 
aeruginosa) [97]. This critical breakpoint represented the minimum necessary 
ratio for rapid bacterial eradication and prevention of regrowth of resistant sub- 
populations; lower values resulted in clinical and bacteriological cure rates less 
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than 50% [97]. A further evaluation of optimal AUC 24 /MIC (AUIC 24 ) in the 
same patient population with nosocomial lower respiratory tract infections 
demonstrated a breakpoint for preventing resistance on therapy at approxi- 
mately 100 [100]. However, in clinical trials in outpatients with community 
acquired respiratory infections such as acute exacerbations of chronic bron- 
chitis performed with oral grepafloxacin, bacteriologic and clinical cures 
resulted at optimal AUC 24 /MIC ratios of 75 or above [98], a much lower 
breakpoint than the minimum recommended in nosocomial infection. This is 
most likely a result of differences in the immunocompetence of subjects in the 
respective in-patient and out-patient settings [ 86 ]. The authors did report, how- 
ever, that AUC 24 /MIC ratios greater than 175 were associated with more rapid 
bacterial killing [98]. In vitro analyses have demonstrated that the minimum 
AUC 24 /MIC ratio can be significantly lower for Gram-positive pathogens, as 
gatifloxacin and levofloxacin display bacterial eradication against S. pneumo- 
niae and decreased regrowth of the resistant pneumococcus with 
AUC 24 /MIC> 25 (Tab. 3) [95, 101-104, 105a]. However, an investigation 
into the activity of moxifloxacin against S. aureus and p-haemolytic strepto- 
cocci reported optimal antibacterial effects with AUC 24 /MIC ratios of 
150-200 [105]. Complicating the determination of optimal target AUC 24 /MIC 
ratios, longer-acting fluoroquinolones have been shown to display comparable 
antimicrobial effects at much lower ratios, most likely a result of their longer 
half-lives [106]. In vitro models have predicted that the breakpoints of 
trovafloxacin and gatifloxacin equivalent to ciprofloxacin’s AUC 24 /MIC ratio 
of 125 are 71 and 102, respectively [107, 108]. 

In summary, clinical data indicate that a peak serum concentration to MIC 
ratio of 10:1 or greater and AUC24/MIC ratios in the range of 100 to 125 max- 
imize bacterial eradication and prevent resistance in critically ill patients with 
nosocomial lower respiratory infections caused by Gram-negative bacilli (e.g.. 



Table 3. Fluoroquinolone pharmacokinetie/pharmacodynamie parameters versus S. pneumoniae 



Fluoroquinolone 


Cpmax 

(pg/ml) 


AUC 24 

total 

(pg.h/ml) 


AUC 24 

free 

(pg.h/ml) 


MIC 90 

(pg/ml) 


AUC 24 /MIC 

total 


AUC 24 /MIC 

free 


Ciprofloxacin^ 


2.3 


20 


14 


2 


10 


7 


Ciprofloxacin‘s 


3.0 


28 


20 


2 


14 


10 


Gatifloxacin 


3.9 


34 


27 


0.5 


68 


54 


Gemifloxacin 


1.2 


10 


4 


0.03 


333 


133 


Grepafloxacin 


1.6 


23 


12 


0.25 


92 


48 


Levofloxacin 


5.1 


48 


34 


1 


48 


34 


Moxifloxacin 


3.3 


34 


18 


0.25 


136 


72 


Trovafloxacin 


2.5 


26 


7 


0.12 


217 


58 



Single doses simulated: ciprofloxacin 500 mg BID^, ciprofloxacin 750 mg BID*’, gatifloxacin 400 mg 
OD, gemifloxacin 320 mg OD, grepafloxacin 600 mg OD, levofloxacin 500 mg OD, moxifloxacin 
400 mgOD and trovafloxacin 200 mg OD. 
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P. aeruginosa) [97, 100]. However, in outpatients with community acquired 
respiratory infections such as acute exacerbations of chronic bronchitis and 
community acquired pneumonia caused by S. pneumoniae, animal, in vitro and 
clinical data support AUC24/MIC of > 25 as being predictive of bacterial erad- 
ication [95, 96, 101, 102, 105a]. Perhaps these different pharmacodynamic tar- 
gets reflect the fact that the new fluoroquinolones display concentration- 
dependent killing against Gram-negative bacilli and concentration-independ- 
ent killing against Gram-positive cocci. In Table 3 the pharmacodynamic 
parameters of fluoroquinolones versus S. pneumoniae are depicted following 
single oral dosing. As can be seen all of the new fluoroquinolones achieve free 
AUC24/MIC > 25. With H. influenzae, all of the new fluoroquinolones (gati- 
floxacin, gemifloxacin, levofloxacin and moxifloxacin) as well as 
ciprofloxacin achieve AUC24/MIC > 1000 [86]. 

A further pharmacodynamic property that fluoroquinolones exhibit is con- 
tinued suppression of an organism’s growth that persists after antimicrobial 
exposure, known as the post-antibiotic effect (PAE) [82, 85]. Although all 
antibiotics produce PAEs in vitro versus susceptible Gram-positive pathogens, 
fluoroquinolones also display prolonged PAEs for Gram-negative bacilli [82, 
109-111]. The PAEs for fluoroquinolones for both Gram-positive and -nega- 
tive isolates are generally in the range of 1. 5-2.5 h [109-113]. This phenom- 
enon of persistent antibacterial activity becomes important when the concen- 
tration of the drug falls below the MIC. 

Closely related to the PAE properties of fluoroquinolones is another phar- 
macodynamic phenomenon known as the post-antibiotic sub-MIC effect (PA 
SME), which is similar to the PAE except that subinhibitory concentrations of 
the antibiotic are present in the environment, in contrast to when the antibiot- 
ic is virtually eliminated [114]. This property has been reported for both 
ciprofloxacin and levofloxacin against S. pneumoniae, inhibiting inoculum 
regrowth during the early, sub-MIC dosing intervals [102, 114a]. As well sub- 
MIC effects of fluoroquinolones have been well described [114]. 

Post-antibiotic leukocyte enhancement (PALE) is also important in the per- 
sistence of antimicrobial action as it describes the observed characteristic 
increase in the susceptibility of bacteria to leukocyte phagocytosis that occurs 
in the post-antibiotic phase. This added bacterial susceptibility to intracellular 
killing doubles the duration of the PAE of fluoroquinolones for Gram-negative 
bacilli [82]. Overall, these supplemental pharmacodynamic properties allow 
infrequent dosing of large doses of fluoroquinolones because prolonged PAEs 
protect against bacterial regrowth during troughs when serum levels decline 
below the MIC value [82]. 

Since fluoroquinolones exhibit concentration-dependent killing, these 
large-dose regimens administered once daily (resulting in the achievement of 
high AUC and Cmax levels) contribute to high initial speed of killing, maxi- 
mal bactericidal effects, optimal eradication times and decreased selection of 
resistant bacteria [87, 91]. In clinical practice, optimization of these variables 
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by the achievement of high concentrations must then be balanced with the risk 
of toxicity and potentially serious adverse drug effects [87]. 

Recently, a new methodology for evaluating fluoroquinolone’s potency has 
received considerable attention, namely the Mutant Prevention Concentration 
(MPC). Utilizing this new concept may provide a novel method for preventing 
resistance [115]. MPC is the drug concentration at which the selection of 
resistant mutants may be inhibited during antibiotic treatment [1 15]. Selection 
of resistant mutants occurs within a narrow concentration range. Below the 
low end of the concentration range, growth of the majority of drug- susceptible 
cells is suppressed. The upper boundary of the concentration range is the 
antibiotic concentration at which the growth of resistant, single-step mutants is 
inhibited [115]. This is designated the MPC as two simultaneous mutations 
must occur for cells to grow at this antibiotic concentration. The simultaneous 
acquisition of multiple mutations is a rare genetic event [115]. The mutational 
frequency of S. pneumoniae for fluoroquinolones is 10“^ to 10“^^ [115a]. 
Based on a mutational frequency of 10”^, an infection of more than 10^"^ S. 
pneumoniae would be required in order for two simultaneous fluoroquinolone- 
resistant mutations to occur [115, 115a, 1 15b]. Administering antibiotics at the 
MPC may thus prevent mutant selection [115]. Fortunately, it has been shown 
that many of the newer fluoroquinolones can be safely administered such that 
the serum and tissue drug concentrations remain above the MPC throughout 
the course of treatment [115]. 

Recent results suggest that the MPCs for S. pneumoniae vary amongst the 
fluoroquinolones and between different strains [115a, 115b]. Mutant preven- 
tion concentration was evaluated in relation to the actual drug concentration 
(MPC) and as a function of the fold MIC increase (MPmic)- The MPC demon- 
strates whether administering the necessary dose is clinically achievable. The 
MPmic permits a comparison of the antibiotics’ intrinsic abilities to prevent the 
formation of resistant mutants [115b]. Table 4 compares fluoroquinolone phar- 
macodynamics against S. pneumoniae using MPC instead of MIC values. As 
can be seen fluoroquinolone free AUC 24 /MIC (Tab. 3) compare favorably with 
free AUC 24 /MPC (Tab. 4). Whether dosing at or above MPC levels will truly 
prevent the selection of antibiotic-resistant mutants remains to be determined 
[115]. Thus, further MPC studies need to be conducted. The possibility of cur- 
tailing the selection of antibiotic-resistant mutants by altering dosing strategies 
is a new, important area of study. 



Conclusion 

Fluoroquinolones are a valuable addition to our antibiotic armamentarium. 
The broader spectrum and favorable pharmacokinetics of the newer FQs there- 
fore makes these drugs an attractive therapeutic alternative to traditional agents 
for common respiratory pathogens. However, it is essential that in vitro sus- 
ceptibility be considered alongside the specific PK/PD properties of the antibi- 




Table 4. Fluoroquinolone pharmacokinetic/pharmacodynamic parameters versus S. pneumoniae (single-step mutants) 
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Otic chosen for therapy. Utilization of PK/PD concepts can be used to design 
regimens that maximize bacteriological eradication while minimizing the 
emergence of resistant organisms and preventing treatment failure. 

Key research issues that need to be resolved with the new FQ over the next 
5 years include: 1) Is a higher AUC 24 /MIC for S. pneumoniae with a particu- 
lar FQ associated with faster bacteriological eradication and faster clinical res- 
olution of respiratory infection? 2) Is a higher AUC 24 /MIC for S, pneumoniae 
with a particular FQ associated with less emergence of resistance? 3) Will opti- 
mizing the PD of FQ that preferentially bind to GyrA in S. pneumoniae (gati- 
floxacin and moxifloxacin) versus ParC (levofloxacin and gemifloxacin) lead 
to lower likelihood of resistance development? 4) What FQ AUC 24 /MIC with 
S. pneumoniae is required to kill one step ParC or GyrA mutants or efflux 
mutants? 5) What will be the pharmacodynamic effect on the bowel flora of 
using new FQ with anaerobic activity for outpatient and inpatient respiratory 
infections? 
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Introduction 

Urinary tract infection (UTI) is one of the most common infectious diseases 
for which antibiotic therapy is prescribed. Many characteristics of the fluoro- 
quinolones make them ideal agents for the management of UTI [1-12]. As a 
class, the fluoroquinolones traditionally have been highly active in vitro 
against nearly all significant urinary pathogens. Most are renally excreted, 
hence achieve high concentrations in the urine. They penetrate the prostrate 
well. Their high oral bioavailability allows oral therapy for infections that tra- 
ditionally would be treated with intravenous antibiotics, and their long half- 
lives allow convenient once- or twice-daily dosing. The currently marketed 
fluoroquinolones have favorable adverse effect profiles and few significant 
drug-drug interactions. Consequently, fluoroquinolones have been and proba- 
bly will continue to be used extensively in the treatment and prevention of UTI 
in a wide variety of clinical contexts, as reviewed below. To what extent 
emerging drug resistance will compromise the utility of fluoroquinolones for 
UTI therapy in coming years remains to be seen, but is a significant concern. 



UTI syndromes and host status 

The appropriate role for fluoroquinolones in UTI management depends on the 
patient’s gender, age, and clinical syndrome, and on the presence or absence 
of underlying host conditions such as urinary tract abnormalities, instrumenta- 
tion, or systemic illnesses that predispose to UTI or interfere with cure [1, 
8-10]. Infections that occur in patients with such complicating factors are des- 
ignated “complicated”, whereas those that occur in patients without such con- 
ditions are designated “uncomplicated” [13, 14]. Treatment of uncomplicated 
UTI will be considered first (separately for women, men, and children), fol- 
lowed by treatment of complicated UTI, then prophylaxis. 
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Treatment of uncomplicated UTI 

Women 

Uncomplicated cystitis 

Acute bacterial cystitis, i.e., symptomatic infection of the urinary bladder, is 
the most frequently encountered symptomatic UTI syndrome [9, 15, 16]. It 
occurs most commonly, and has been studied most extensively, in reproduc- 
tive-age women. 

Guidelines for the management of acute uncomplicated cystitis in women 
were recently proposed by the Infectious Diseases Society of America, based 
on a systematic review and meta-analysis of the available randomized clinical 
trials that met strict a priori inclusion criteria [17]. The main conclusions of 
this review with respect to the fluoroquinolones were fourfold. First, when dif- 
ferent drug classes are compared at the same duration of therapy, with respect 
to efficacy the fluoroquinolones are comparable to trimethoprim- sulfamethox- 
azole and trimethoprim alone but are significantly better than beta-lactam 
agents, whereas with respect to adverse effects there are no significant differ- 
ences among drug classes. Second, for most fluoroquinolones multi-day ther- 
apy yields significantly better efficacy than single-dose therapy. Exceptions 
include the long half-life agents pefloxacin and rufloxacin (which currently are 
not available in the U.S.) [18-20]. These two drugs achieve eradication rates 
of approximately 95% even with single-dose therapy, but also may cause 
increased adverse effects (40%, pefloxacin), particularly those involving the 
central nervous system (CNS) (rufloxacin). Third, with the fluoroquinolones 
treatment durations longer than 3 days provide no advantage over 3 -day ther- 
apy. An exception may be lomefloxacin, which in the only evaluable study 
yielded significantly higher eradication rates with 7-d (98%) than with 3-day 
therapy (92%) [21]. Fourth, when directly compared the various fluoro- 
quinolone agents do not differ significantly with respect to eradication or 
recurrence rates. They also are largely similar with respect to the frequency of 
adverse effects. Exceptions to the latter statement would be the higher inci- 
dence of adverse effects noted above with pefloxacin and rufloxacin single- 
dose therapy, and as noted with lomefloxacin (35%) versus norfloxacin (24%) 
when given for 3 or 7 days [21, 22]. 

These conclusions have been largely borne out by several more recent stud- 
ies [23-28]. In two of these studies, patient-initiated therapy using an oral flu- 
oroquinolone was found to be a highly effective management approach for 
women with frequent recurrences of uncomplicated cystitis [23, 26]. The sig- 
nificantly increased incidence of phototoxicity associated with sparfloxacin 
(which is no longer marketed) that was demonstrated in two of these studies 
illustrates the importance of agent- specific adverse effects that may become 
apparent only in post-marketing evaluations [27, 28]. 

These data indicate that according to clinical parameters 3-day therapy with 
renally cleared fluoroquinolone agents such as ciprofloxacin, ofloxacin, lev- 
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ofloxacin, and probably gatifloxacin is optimal for acute uncomplicated cysti- 
tis in women [11, 17]. However, the concern that routine use of fluoro- 
quinolones might hasten the emergence of bacterial resistance prompted the 
IDSA guidelines committee to recommend that TMP-SMZ or TMP alone 
should be preferred for empiric therapy of uncomplicated cystitis unless resist- 
ance to these drugs is anticipated, e.g., in communities where the prevalence of 
TMP-SMZ resistance among uropathogens is >10-20% [17]. Of note, although 
data regarding the impact of TMP-SMZ resistance on clinical outcomes in cys- 
titis are scarce, resistance appears to be associated with a failure rate of approx- 
imately 50% [25, 29-31]. A recent cost-benefit analysis generally supported the 
prevalence threshold suggested by the IDSA guidelines, yielding a calculated 
break-even point of 22% for the community prevalence of TMP-SMZ resist- 
ance at which empiric therapy with a fluoroquinolone would become more 
cost-effective than empiric TMP-SMZ therapy [32]. Other data suggest that 
older age, male sex, recent hospitalization, diabetes mellitus, history of recur- 
rent UTI, and recent exposure to antibiotics (particularly TMP or TMP-SMZ) 
predict an increased likelihood of TMP-SMZ resistance [29, 33-35]. These his- 
torical features thus conceivably could be used as patient-specific indicators for 
use of a non-TMP-SMZ empiric regimen, including a fluoroquinolone. 

Unfortunately, levels of resistance to TMP-SMZ at or above the proposed 
10-20% threshold are increasingly prevalent in many locales [29, 36-44], 
prompting many physicians to adopt fluoroquinolone-based regimens for rou- 
tine empiric therapy of cystitis [29]. However, as discussed further below, 
emerging resistance to fluoroquinolones among Escherichia coli and other 
uropathogens is already threatening the reliability of fluoroquinolones as an 
alternative to TMP-SMZ. This development introduces troubling new ques- 
tions with respect to optimal drug selection for cystitis. 

Uncomplicated pyelonephritis 

Few comparative trials are available on which to base reconunendations for 
therapy of acute pyelonephritis. A recent trial demonstrated that acute uncom- 
plicated pyelonephritis of mild-to-moderate severity in women can be treated 
quite effectively (i.e., 99% microbiological cure, 96% clinical cure) in the ambu- 
latory setting with 7 days of oral ciprofloxacin, with or without an initial intra- 
venous dose [45]. Of note, in this study population the prevalence of 
ciprofloxacin resistance was low (<0.5%). In contrast, TMP-SMZ resistance 
was encountered in 18% of urine isolates, and was associated with 50% bacte- 
riological failure and 65% clinical failure if the patient was treated with TMP- 
SMZ [45]. Since in the outpatient context it is inconvenient to modify the antibi- 
otic regimen after the initial encounter when resistance is later discovered, rou- 
tine use of empiric fluoroquinolone therapy (if the isolate is not already known 
to be susceptible to TMP-SMZ) is recommended by the IDSA guidelines [17]. 

For patients with pyelonephritis who are sufficiently ill as to require hospi- 
tal admission, fluoroquinolones are one of several reasonable alternative initial 
therapeutic regimens [17]. For inpatients who can tolerate oral medications. 
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treatment outcomes for pyelonephritis appear to be as good when therapy is 
given orally as when given intravenously, with considerable cost savings [46]. 
For patients who initially require an intravenous regimen, rapid conversion to 
oral therapy can be done using a fluoroquinolone, possibly even prior to the 
availability of susceptibility results (depending on local susceptibility data). 
This attractive “oral step-down” feature of the fluoroquinolones, and the 
option of switching to a less-costly agent once susceptibility results are known, 
are not always taken advantage of by physicians, which suggests that addi- 
tional in-hospital cost savings may be possible [47]. 



Men 

Cystitis 

Few data are available regarding the optimal management of cystitis in men 
[48, 49]. Authorities recommend longer courses of therapy than in women, 
e.g., 7 to 14 days, because single-dose and short-course therapy have not been 
shown to be effective [49]. Drug selection can be individualized if susceptibil- 
ities for the patient’s organism are known, but for empiric therapy population- 
based susceptibility data and patient- specific risk factors can be used to select 
an appropriate agent, as discussed above for cystitis in women. 
Fluoroquinolones are highly effective when given for 7 to 10 days [48, 50]. If 
enterococci, which cause an appreciable minority of UTIs in men [48], are sus- 
pected or documented, amoxicillin may be preferable to a fluoroquinolone. 
Recurrent bacteriuria in a man after a course of appropriate antibiotic therapy 
for presumed cystitis usually reflects prostate involvement [49], for which cure 
rates exceeding 90% can be achieved with a 6-week course of fluoroquinolone 
therapy (see below) [2, 49]. 

Pyelonephritis and febrile UTI 

Even fewer data or authoritative recommendations are available regarding the 
management of uncomplicated pyelonephritis or febrile UTI in men [48, 49]. 
Fluoroquinolones would be expected to be ideal empirical agents. A recent 
trial of twice-daily oral ciprofloxacin for men with febrile UTI showed com- 
parable success rates with 2 versus 4 weeks of therapy (short-term microbio- 
logical cure, 89% versus 97%; cumulative clinical cure after 1 year, 72% ver- 
sus 82%) (R Ulleryd, personal communication). Interestingly, >80% of men 
with febrile UTI have an elevated prostate-specific antigen level that declines 
with effective treatment of the UTI and have ultrasonographically demonstra- 
ble enlargement of the prostate gland and/or seminal vesicles [51]. These man- 
ifestations typically occur in the absence of prostatic tenderness or symptoms 
referable to the prostate gland and, in contrast to the experience with overt 
acute bacterial prostatitis (see below), are not associated with a high rate of 
clinical failure or of complications if fluoroquinolone therapy is limited to 14 
days (P. Ulleryd, personal communication). 
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Prostatitis 

Bacterial prostatitis occurs in an acute and a chronic form, both of which 
require antimicrobial therapy [49]. Bacterial prostatitis of either variety must 
be distinguished from nonbacterial prostatitis (also known as chronic pelvic 
pain syndrome), which is associated with negative cultures of urine and 
expressed prostatic secretions and responds unpredictably to antibiotic thera- 
py [49, 52]. Acute bacterial prostatitis causes intense symptoms as well as con- 
stitutional findings [49]. Chronic bacterial prostatitis has a more insidious 
onset, less pronounced prostatic inflammation, and no constitutional manifes- 
tations; patients instead typically have irritative or obstructive genitourinary 
symptoms and relapsing or persistent UTI [49]. 

Fluoroquinolones are the drugs of choice for both acute and chronic bacte- 
rial prostatitis. The data favoring the fluoroquinolones over alternatives such 
as TMP-SMZ in acute prostatitis are compelling [1, 2, 53]. Treatment should 
be given for 3 to 4 weeks to avoid complications such as abscess formation or 
chronic bacterial prostatitis [49, 53]. Chronic bacterial prostatitis requires at 
least 4 to 6 weeks of appropriate antibiotic therapy. Here again the superiority 
of fluoroquinolones over alternative agents is clear, with success rates of 60% 
to 90% obtained with fluoroquinolones as compared with 30% to 40% with 
TMP-SMZ [49, 54, 55]. To prevent relapse, antibiotic therapy for chronic pro- 
statitis should be continued for at least 3 months. If this fails, low dose sup- 
pressive therapy can be used (e.g., daily or thrice weekly ofloxacin or 
ciprofloxacin, 100 mg; TMP-SMZ, one regular strength tablet; or nitrofuran- 
toin, 100 mg) [49]. Removal of prostatic stones or prostatectomy may be need- 
ed for cure in selected patients. 



Children 

Fluoroquinolones traditionally have been avoided in children because of con- 
cerns regarding induction of arthropathy, which are based on data from imma- 
ture animals [56-58]. Hence, fluoroquinolones usually are not recommended 
for treatment of pediatric UTI [59]. However, increasing human clinical expe- 
rience suggests that fluoroquinolones actually are safe to use in children, 
including for extended treatment courses [10, 60-66]. (Of note, published data 
regarding repeated courses of fluoroquinolones therapy in children and use of 
fluoroquinolones below age 5 years are scant to nil.) Thus, although not yet 
approved for pediatric use in the U.S., fluoroquinolone therapy could reason- 
ably be considered for children over age 5 with UTIs due to multi-resistant 
organisms that otherwise would require intravenous therapy, or if alternative 
agents are otherwise contraindicated [10, 66]. As a precaution, if a fluoro- 
quinolone is to be used in a child the physician should inform parents of the 
animal arthropathy data, obtain informed consent for off-label use of the drug, 
and be alert for signs or symptoms suggesting possible arthropathy so that 
therapy can be promptly discontinued if problems are detected. 
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Treatment of complicated UTI 

Therapy for complicated UTI (i.e., UTI occurring in the presence of a signifi- 
cant underlying medical condition, an anatomical or functional urinary tract 
abnormality, or urinary tract instrumentation) has been comparatively little 
studied [13, 67]. In addition, the available trials have used highly heteroge- 
neous inclusion criteria, and most have not stratified outcomes according to 
underlying complicating condition, gender, or severity of illness [13, 67, 68]. 
Notwithstanding these limitations, the available data, which derive mostly from 
adults, suggest that for many patients with complicated UTI oral fluoro- 
quinolones are as or more effective than alternative agents, including tradition- 
al intravenous regimens [9, 11, 12, 69-72]. Likewise, few clinically significant 
differences are evident among the various renally excreted fluoroquinolones, 
with the possible exception of increased adverse effects with lomefloxacin 
[71]. Thus, fluoroquinolones can be considered drugs of choice for complicat- 
ed UTI for empiric therapy and also for pathogen-specific therapy, if the urine 
organism is susceptible and other considerations (e.g., bacterial resistance, 
drug allergy, or drug-drug interactions) exclude less expensive alternatives 
such as TMP-SMZ [12]. For severe infections due to less susceptible pathogens 
such as Pseudomonas aeruginosa, intensified dosing has been proposed with 
ciprofloxacin (750 mg PO bid) or levofloxacin (500 mg PO bid) [12]. 

Although newer fluoroquinolones with enhanced Gram-positive activity 
(e.g., gatifloxacin and gemifloxacin) may offer an advantage in complicated 
UTI, more episodes of which are due to Gram-positive bacteria than is true 
with uncomplicated UTI [73], any such superiority remains to be demonstrat- 
ed clinically [12, 73]. Dosing of ciprofloxacin for complicated UTI is best 
done twice daily rather than once-daily [74], despite kinetic considerations 
suggesting that for highly susceptible organisms once-daily dosing might suf- 
fice [75]. 



Prophylaxis 

Recurrent uncomplicated cystitis in women 

Fluoroquinolones have been used successfully for prevention of recurrent cys- 
titis in women both as low-dose continuous prophylaxis [76, 77] and as post- 
coital prophylaxis [78]. The long half-life agents pefloxacin and fleroxacin 
allow continuous prophylaxis with once-weekly dosing [79]. Emergence of 
resistant organisms during continuous prophylaxis not been reported to date, 
although this remains a future concern as the prevalence of fluoroquinolone- 
resistant E. coli rises generally (see later). An alternative management 
approach for recurrent cystitis is patient-initiated therapy, which may be pre- 
ferred by women who have relatively infrequent recurrences that are not asso- 
ciated with coitus [23, 26, 80]. 
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Complicated UTI 

Fluoroquinolones, the agents of choice for treatment of complicated UTI, also 
have been used to prevent complicated UTI in diverse clinical contexts, with 
consistently positive results. Prophylaxis trials have included patients with 
spinal cord injury [81], acute urinary catheterization [82], and other underly- 
ing conditions [83]. However, the absence of demonstrated clinical benefit and 
the documented emergence of resistant bacteria have tempered enthusiasm for 
routine systemic antibiotic prophylaxis in spinal cord injured and catheterized 
patients [84-88]. Nonetheless, in carefully selected patients with frequent or 
severe recurrent episodes of complicated UTI, a trial of fluoroquinolone pro- 
phylaxis could be considered, with the recognition that this may result in the 
loss of this drug class for therapy of break-through symptomatic infections. 



Urological procedures 

For prophylaxis against post-operative bacteriuria in patients undergoing 
prostate biopsy or transurethral surgery, oral fluoroquinolones are as effective 
as are oral TMP-SMZ or intravenous first or third generation cephalosporins 
[89-95]. Multiple doses offer no significant advantage over a single pre-oper- 
ative oral dose [89, 93]. Although the incidence of a positive urine culture is 
significantly lower with antibiotic prophylaxis than with placebo, this is most- 
ly due to a reduction in asymptomatic bacteriuria; no significant reduction in 
symptomatic UTI or febrile complications has been demonstrated, nor has 
even a consistent trend [93-95]. However, since the available studies have 
been under-powered for excluding small differences, definitive conclusions are 
not possible. Of note, in one prophylaxis study cefotaxime was associated with 
a significantly increased incidence of adverse events as compared with place- 
bo, whereas ciprofloxacin was not [94]. This suggests that even if fluoro- 
quinolones provide no definite benefit when used as prophylaxis for minor 
urological or uroradiological procedures they may be less toxic than alterna- 
tive antibiotics. 



Bacterial resistance to fluoroquinolones 

When fluoroquinolones were first introduced in the 1980s nearly all urine 
organisms from patients with UTI, whether uncomplicated or complicated, 
were susceptible in vitro. Even today, fluoroquinolones remain among the 
most active oral agents among urine isolates overall [29, 36, 41, 42, 44, 96, 
97]. However over the past decade a growing number of locales have reported 
a substantial prevalence of fluoroquinolone resistance among urine isolates in 
general and specifically among E. coli, and the prevalence of fluoroquinolone 
resistance at individual locales has progressively risen [97-103]. 
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Fluoroquinolone resistance levels among E. coli urine isolates as high as 25% 
have been reported from Latin America [97], where even susceptible isolates 
commonly have single point mutations in gyrA that presage progression to full 
resistance with additional mutations [104]. Of concern, in San Juan, Costa 
Rica, 70% of E. coli urine isolates from intensive care unit patients are resist- 
ant to ciprofloxacin [105]. 

The observed widespread emergence of fluoroquinolone resistance poses 
two quandaries for practitioners, one pertaining to provision of optimal thera- 
py for today’s patient, the other to prevention of future resistance. With respect 
to current management, the clinical implications of in vitro fluoroquinolone 
resistance among patients with UTI are unknown. However, based on the 
observation that in vitro resistance to TMP-SMZ predicts an approximately 
50% failure rate with TMP-SMZ therapy despite this agent’s high urine con- 
centrations and long half-life [25, 29-31, 34, 45], clinical failures can be 
expected also with fluoroquinolone resistance. Consequently, as the preva- 
lence of fluoroquinolone resistance increases, so also does the calculated 
threshold for the prevalence of TMP-SMZ resistance at which empiric fluoro- 
quinolone therapy becomes the preferred strategy for uncomplicated UTI [32]. 
That is, the appeal of fluoroquinolones as alternatives to TMP-SMZ diminish- 
es as fluoroquinolone resistance increases. In addition, if the prevalence of 
resistance to both fluoroquinolones and TMP-SMZ is substantial, it may be 
preferable to consider a different drug altogether rather than to rely on “the 
lesser of two evils.” Nitrofurantoin and fosfomycin have been less well stud- 
ied in the treatment of UTI than the fluoroquinolones and TMP-SMZ, and are 
somewhat less efficacious (unless nitrofurantoin is given for a longer course, 
e.g., 7 days for cystitis) [17]. Still, resistance to these alternative agents has not 
been observed to nearly the extent noted with fluoroquinolones and TMP- 
SMZ, making them attractive considerations for empiric therapy if resistance 
is prevalent to both fluoroquinolones and TMP-SMZ. 

In addition, even if in a locale with substantial TMP-SMZ resistance the 
prevalence of fluoroquinolone resistance is not yet so high as to oblige non-flu- 
oroquinolone therapy, consideration of non-fluoroquinolone alternatives to 
TMP-SMZ still may be prudent, as a way to limit selection pressure for emer- 
gence of fluoroquinolone resistance. This strategy would in effect keep fluoro- 
quinolones “in reserve,” available to be used when alternative drugs predictably 
would not suffice, as in pyelonephritis, bacteremia, or prostatitis, or with organ- 
isms known to be resistant to the alternative. However, the utility of such a “flu- 
oroquinolone-sparing” strategy is uncertain. It is unknown what proportion of 
total fluoroquinolone use is for UTI therapy, hence how great an impact even 
complete avoidance of fluoroquinolones for UTI therapy might have. It is like- 
ly that as clinical indications for fluoroquinolones expand, e.g., to include res- 
piratory tract infections [106, 107], infections in children [63], and prophylax- 
is following exposure to Bacillus anthracis [108], the proportion of fluoro- 
quinolones use accounted for by UTI therapy will shrink, thereby diminishing 
the resistance-retarding effect of fluoroquinolone avoidance for UTI therapy. 
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Unfortunately, levels of resistance to nitrofurantoin have already been doc- 
umented among urine isolates in certain settings (e.g., in San Juan, Costa Rica: 
19% among all outpatient urine isolates, 43% among ICU E. coli urine isolates 
[105]. This suggests that the currently available alternative agents may provide 
only temporary relief from the emerging drug resistance problem, an example 
of the so-called “squeezing the balloon” phenomenon [109]. Thus, the future 
role of fluoroquinolones in UTI therapy will be strongly influenced by how the 
antibiotic resistance story evolves, which remains to be seen. 
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Introduction 

Chlamydia trachomatis serovars D-K and Neisseria gonorrhoeae are the 
major sexually transmitted bacteria worldwide. Genital mycoplasmas, in par- 
ticular Mycoplasma genitalium, are thought to be important causes of sexual- 
ly transmitted non-gonococcal, non-chlamydial urethritis and cervicitis, more 
commonly termed, non-specific genital infection (NSGI). In tropical countries 
sexually transmitted infections also include lymphogranuloma venereum 
caused by Chlamydia trachomatis serovars LI, L2 and L3, chancroid caused 
by Haemophilus ducreyi and granuloma inguinale caused by 
Calymmatobacterium granulomatis. Epididymo-orchitis in men and pelvic 
inflammatory disease in women are caused either by sexually transmitted bac- 
teria or by ascending infection with normal rectal and genital flora as a result 
of sexual activity. The quinolones play an important role in the management of 
all the above sexually transmitted infections. Syphilis is the only bacterial sex- 
ually transmitted disease against which the fluoroquinolones to date have no 
useful activity. 

Sexually transmitted infections are often polymicrobial. Between 20-60% 
of patients infected with gonorrhoea are concomitantly infected with C. tra- 
chomatis [1]. Antimicrobial chemotherapy must therefore be directed against 
N. gonorrhoeae, C. trachomatis and other genital pathogens as indicated from 
the presenting features. Quinolones have revolutionized the management of 
many sexually transmitted infections, particularly uncomplicated gonorrhoea. 
However their global clinical usefulness is being limited by increasing antimi- 
crobial resistance. 



Gonorrhoea 

The incidence of gonorrhoea varies dramatically around the world with the 
highest incidence (between 5 and 10%) in the developing countries [2]. The 
incidence of gonorrhoea in the United States and Europe peaked in the mid 
1970s and then declined dramatically reaching a nadir in the mid 1990s [3]. 
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Over the past 5 years there has been a small resurgence with a rising trend in 
the diagnosis of many acute sexually transmitted diseases [4]. Accurate and 
timely diagnosis with appropriate successful treatment and effective surveil- 
lance programmes are necessary to control both the rising incidence of sexual- 
ly transmitted infections and the increasing incidence of antimicrobial resist- 
ance. Empirical antimicrobial therapy is directed by local patterns of antimi- 
crobial sensitivity. The aims of treatment are to eliminate infection in uncom- 
plicated disease with a single antibiotic dose in at least 95% of those present- 
ing in the local community [5]. In response to the increasing frequency of peni- 
cillin-, tetracycline-, and spectinomycin-resistant strains of N. gonorrhoeae, 
broad spectrum cephalosporins or fluoroquinolones were recommended for the 
primary treatment of uncomplicated gonorrhoea in 1989 [6]. Studies in the 
1980s demonstrated that a single oral dose of fluoroquinolone is as effective as 
a single oral dose of amoxicillin-probenecid [7, 8] or as a single intra-muscu- 
lar dose of ceftriaxone [9] for the treatment of uncomplicated gonococcal infec- 
tion. In the study by Black et al. [7], a single 400 mg dose of ofloxacin orally 
was compared with a single 3 g dose of amoxicillin plus 1 g of probenecid. The 
cure rate for men treated with ofloxacin was 98% (47 of 48) and the cure rate 
for women was 100% (52 of 52). All 13 patients with positive rectal cultures 
and seven of eight with positive pharyngeal cultures were cured. In the study 
by Hook et al. [9] a single 250 mg dose of ciprofloxacin orally had a 100% cure 
rate including successful treatment of five cases of pharyngeal infection and 20 
cases of rectal gonococcal infection. There is no significant difference in effi- 
cacy between single doses of 250 mg or 500 mg of ciprofloxacin [10]. In a 
worldwide review of 1180 patients with uncomplicated gonococcal urethritis 
who were given a single dose (between 100 mg and 2000 mg) of ciprofloxacin 
no dose response was detected [11]. The most common dose of ciprofloxacin 
used worldwide was 250 mg [11]. The current guidelines for treatment of sex- 
ually transmitted diseases produced in the United States [12], the United 
Kingdom [13], and in Europe [14] all recommend quinolones, either 
ciprofloxacin 500 mg orally or ofloxacin 400 mg orally as single-dose treat- 
ment of gonococcal infection of the urethra, cervix, rectum or pharynx as an 
alternative to ceftriaxone, spectinomycin, or amoxicillin-probenecid. A dose of 
500 mg rather than 250 mg is recommended in an attempt to lessen the emer- 
gence of resistance and to treat effectively infection with N. gonorrhoeae with 
reduced susceptibility to ciprofloxacin. When infection has been acquired in 
South-East Asia, quinolone-resistance is anticipated and alternative therapy 
with ceftriaxone or spectinomycin is recommended [14]. 

Ciprofloxacin 500 mg intravenously every 12 h or ofloxacin 400 mg intra- 
venously every 12 h are alternative recommendations to intravenous 
cephalosporin or intramuscular spectinomycin for the initial management of 
disseminated gonococcal infection [12-14]. Once symptoms have improved, 
therapy for disseminated gonococcal infection may be switched to 
ciprofloxacin 500 mg orally twice daily, ofloxacin 400 mg orally twice daily 
or cefixime 400 mg orally twice daily for a total treatment course of 7 days. 
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Clinical studies of the newer fluoroquinolones have shown sparfloxacin 
200 mg orally to be as effective as ciprofloxacin 250 mg orally (99% versus 
98% efficacy) in the treatment of acute gonococcal urethritis in men [15]. In 
this study, three of the four patients, from a total study population of 238, who 
were culture-positive for gonococci at follow-up admitted to having had 
unprotected sexual intercourse after treatment. Grepafloxacin 400 mg orally 
has been shown to be as effective as cefixime 400 mg orally (99% versus 100% 
efficacy) in the treatment of uncomplicated gonorrhoea in men [16]. 
Trovafloxacin 100 mg orally was equivalent in efficacy to ofloxacin 400 mg 
orally (99% versus 100% efficacy) for uncomplicated gonococcal urethritis 
(270 patients) and uncomplicated gonococcal cervicitis (355 patients) [17]. 
Recent in vitro testing of a new fluoroquinolone, gemifloxacin, against 
ciprofloxacin-resistant strains of N. gonorrhoeae found the MIC90 to be 
0.12 mg/L [18]. This compared favourably with moxifloxacin and 
grepafloxacin (MIC90 0.5 mg/L) and trovafloxacin (MIC90 0.25 mg/L). 
However the vast majority (43 of 50) of the ciprofloxacin-resistant strains test- 
ed only had low level resistance to ciprofloxacin (MIC 0.12-0.25 mg/L) and 
as such would probably respond in vivo to a single oral 500 mg dose of 
ciprofloxacin. There does not appear to be any treatment advantage of these 
newer agents. The older fluoroquinolones, ciprofloxacin and ofloxacin, are 
still favoured because they have a better safety profile. Many new fluoro- 
quinolones including clinafloxacin, gemifloxacin, grepafloxacin, sparfloxacin 
and trovafloxacin have been withdrawn from clinical use as a result of adverse 
toxicity. The in vitro activity of various quinolones against N. gonorrhoeae is 
shown in Table 1. 

The National Committee for Clinical Laboratory Standards (NCCLS) in the 
United States defines N. gonorrhoeae as fluoroquinolone resistant if the MIC 
is > 1.0 mg/L for ciprofloxacin or > 2.0 mg/L for ofloxacin [20]. In addition, 
reduced susceptibility may be defined as MIC > 0.06 mg/L for ciprofloxacin 



Table 1. Activity of various fluoroquinolones against Neisseria gonorrhoeae [18, 191 



Antibiotic 


MIC 90 (mg/L) 


Clinafoxacin 


0.002 


Grepafloxacin 


0.004 


Ciprofloxacin 


0.008 


Gemifloxacin 


0.008 


Levofloxacin 


0.008 


Sitafloxacin 


0.008 


Gatifloxacin 


0.015 


Trovafloxacin 


0.015 


Ofloxacin 


0.015 


Moxifloxacin 


0.03 


Sparfloxacin 


0.03 
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or >0.0125 mg/L for ofloxacin. These criteria are based on theoretical predic- 
tions of the MICs at which infection with N. gonorrhoeae may fail to respond 
to CDC-recommended doses of fluoroquinolones. The criteria have been fur- 
ther defined by comparison of antibiotic disc diffusion testing with agar dilu- 
tion MIC testing [21]. Since different methods of antibiotic susceptibility test- 
ing are used in different countries and even in different areas within the same 
country, local susceptibility criteria need to be defined in comparison with 
control reference strains of known susceptibility [22]. 

Gonococci acquire resistance through mutations in the quinolone resist- 
ance-determining region (QRDR) of gyrA and parC [23]. Single gyrA muta- 
tions are associated with reduced susceptibility to ciprofloxacin (MIC 0.12 to 
1 mg/L), whereas multiple mutations within gyrA and co-existing mutations of 
parC are associated with resistance (MIC > 1 mg/L) [24]. Ciprofloxacin and 
ofloxacin resistant strains also show reduced sensitivity to other newer 
quinolones including grepafloxacin, moxifloxacin, sitafloxacin, trovafloxacin 
and clinafloxacin [18, 25]. 

Treatment failures using single dose fluoroquinolone have been reported 
over the last decade from around the world including the United Kingdom 
[26], Australia [27], Canada [28], Singapore [29], the United States [30] and 
Southeast Asia [31]. Sensitivity testing of these isolates support the NCCLS 
definitions of resistance. However in vitro ciprofloxacin resistance does not 
always equate to treatment failure. In the study by Ng et al. [29], of 694 
patients treated for N gonorrhoeae, 17 cases had ciprofloxacin resistant infec- 
tion. Twelve of these 17 patients were treated with ciprofloxacin and four 
patients were cured despite evidence of in vitro resistance. In the study by 
Ivens et al. [32], 10% (28 of 292) of the gonococcal isolates from a London 
sexually transmitted infection clinic exhibited reduced susceptibility to 
ciprofloxacin. Of 20 patients who reattended for test of cure, none had failed 
treatment. All patients were however treated for co-existent chlamydial infec- 
tion with doxycycline, which would have had an antimicrobial effect against 
all but one of the isolates. The highest levels of quinolone resistance are seen 
in the Far East where 72.6% of isolates of N. gonorrhoeae were found to be 
fluoroquinolone resistant in 1997 [33]. In the Philippines, high level 
ciprofloxacin resistance (MIC > 4.0 mg/L) increased from 9% in 1994 to 49% 
by 1997 [31]. In this study, treatment failure was seen in a third (32.3%) of 
patients given ciprofloxacin versus only 3.8% of patients given cefixime. In 
Hong Kong treatment failure occurred in nearly a third (27.9%) of patients 
who were treated for gonorrhoea with a single 600 mg oral dose of ofloxacin 
[34]. In Hawaii there has been a dramatic increase in the number of 
ciprofloxacin resistant isolates of N. gonorrhoeae from 1.4% (4 of 290) in 
1997 to 9.5% (22 of 231) in 1999 [35]. These isolates were characterized phe- 
notypically by auxotype and serovar (A/S) class, genetically by identifying 
mutations within the quinolone resistance-determining regions (QRDRs) of 
gyrA and parC and also by plasmid profile analysis. In 1999, three-quarters 
(78.6%) of all the ciprofloxacin resistant isolates from Hawaii belonged to two 
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Strain phenotypes suggesting either endemic spread of a few strains, or that 
there is less strain variation of the imported isolates [35]. In Sydney, Australia, 
since 1984 when the first strain with reduced sensitivity to ciprofloxacin was 
isolated (MIC 0.25 mg/L), the percentage of resistant strains has risen to 3.1% 
of all isolates in 1997 [36]. Phenotypic characterization of these resistant iso- 
lates identified an outbreak associated with international commercial sex 
workers [36]. In Ohio, USA, the prevalence of gonococci with decreased sus- 
ceptibility to ciprofloxacin rose from 2% in 1991 to 16% in 1994 [31]. These 
isolates had an MIC to ciprofloxacin of between 0.12 mg/L and 0.25 mg/L. No 
isolate was found to exhibit true resistance as defined by the NCCLS [21]. The 
evolution of antimicrobial resistance in N. gonorrhoeae in Durban, South 
Africa, over a 5-year period from 1995 to 2000 has been recently reported 
[37]. In South Africa, syndromic management of sexually transmitted infec- 
tions was introduced in 1995, with recommendation to treat the “discharge 
syndrome” with ciprofloxacin 250 mg orally as a single dose plus doxycycline 
200 mg orally once daily for 7 days and supplemented with metronidazole 2 g 
orally as a single dose in the non-pregnant female. In 1995, all gonococcal iso- 
lates were fully susceptible to both ciprofloxacin and ofloxacin. By 
1999/2000, only 71% of isolates were fully susceptible to ciprofloxacin, with 
the remaining 29% exhibiting reduced susceptibility (MIC 0.015-0.06 mg/L). 
By 1999/2000, no strains were fully susceptible to ofloxacin and some had 
been found to be resistant (MIC > 2.0 mg/L). Over the 5-year period a dra- 
matic increase was seen in the number of isolates of N. gonorrhoeae exhibit- 
ing high-level resistance to tetracycline, from 3% in 1997 to 51% in 1998/9 
[37]. This may be related to syndromic management recommendations mean- 
ing that gonococci are being exposed to tetracyclines and quinolones simulta- 
neously. Since decreasing susceptibility was also identified with penicillin, 
azithromycin, erythromycin, ceftriaxone and spectinomycin, the emerging 
resistance may also be caused by selective pressure from widespread use in the 
community of all these antimicrobials. 

Routine surveillance of gonococcal resistance to antimicrobials is critical to 
ensure effectiveness of treatment and prevention of spread of disease. Active 
surveillance is currently being carried out by the World Health Organisation in 
the Western Pacific region [38], by the Centers for Disease Control (CDC) in 
the United States, by the Communicable Disease Surveillance Center (CDSC) 
in England and Wales [39] and in many other countries around the world. 



Chlamydia trachomatis and non-specific genital infection (NSGI) 

Chlamydia trachomatis is the commonest cause of non-gonococcal urethritis 
(NGU) accounting for 30-50% of cases [13]. Mycoplasma genitalium is also 
strongly, and independently of C. trachomatis, associated with acute NGU 
[40]. The precise role of the other genital mycoplasmas (Ureaplasma ure- 
alyticum and Mycoplasma hominis) and anaerobes in the pathogenesis of NGU 
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and NSGI remains uncertain [41, 42]. A causative organism is not identified in 
20 to 30% of men with NGU. In vitro susceptibility testing techniques for 
chlamydia and mycoplasmas are not standardised, however the newer fluoro- 
quinolones are considerably more active than ciprofloxacin. The activity of 
various quinolones against C. trachomatis, M. hominis and U. urealyticum is 
listed in Table 2. There is limited data on the activity of fluoroquinolones 
against M. genitalium. In one study the activity of sparfloxacin and moxi- 
floxacin against M. genitalium was similar to that against M. hominis [44]. 
Clinical studies with ofloxacin administered orally have demonstrated high 
eradication rates with a dose of 200 mg twice daily or 400 mg once daily for 
7 days [1]. An American study reported that ofloxacin 300 mg orally twice 
daily for 7 days had a greater than 95% bacteriological cure rate against 
chlamydial cervicitis [45]. In the United States, ofloxacin 300 mg orally twice 
daily for 7 days is recommended as an alternative to azithromycin or doxycy- 
cline for the treatment of uncomplicated chlamydial infection of the cervix, 
urethra, or rectum [12]. In the United Kingdom and Europe, ofloxacin 200 mg 
orally twice daily or 400 mg orally once daily for 7 days is a recommended 
treatment of C trachomatis genital tract infection [13, 46]. Ofloxacin treat- 
ment is appropriate for concurrent gonococcal and chlamydial infections when 
given as a treatment course over 7 days. A single dose of ofloxacin is effective 
in treating quinolone-sensitive gonococcal infection but it is not adequate for 
treatment of chlamydial infection [47]. Ciprofloxacin is unreliable in the treat- 
ment of NSGI and should not be used for this purpose [48]. Of the newer flu- 
oroquinolones, sparfloxacin 200 mg orally on day 1 followed by 100 mg daily 
for 6 additional days has been reported to be successful in the treatment of 
NGU in men [49], as has grepafloxacin 400 mg/day orally for 7 days [50]. 
Trovafloxacin 200 mg orally once daily for 5 days was equivalent in efficacy 
to doxy cy dine 100 mg orally twice daily for 7 days in women with uncom- 



Table 2. Activity of various fluoroquinolones against Chlamydia trachomatis. Mycoplasma hominis 
and Ureaplasma urealyticum [20, 43] 



Antibiotic 


MIC 90 (mg/L) 
C. trachomatis 


MIC range (mg/L) 
M. hominis 


U. urealyticum 


Sitafloxacin 


0.06 


0.06 (MIC 90 ) 


0.12 (MIC 90 ) 


Grepafloxacin 


0.06 


0.015-0.06 


0 . 12 - 1.0 


Moxifloxacin 


0.06 


0.06 (MIC 90 ) 


0.12 (MIC 90 ) 


Trovafloxacin 


0.06 


0.015-0.03 


0.12-0.5 


Sparfloxacin 


0.06 


0.008-0.015 


0.06-0.5 


Clinafloxacin 


0.06 


0.015-0.06 


0.06-2.0 


Gatifloxacin 


0.12 


N/A 


N/A 


Levofloxacin 


0.5 


N/A 


N/A 


Ofloxacin 


1.0 


0.25-1.0 


1. 0-4.0 


Ciprofloxacin 


2.0 


0.25-0.5 


0.25-1.0 



Key: N/A = not available 
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plicated cervicitis [51]. In this study, trovafloxacin was not as effective as 
doxycycline for the treatment of uncomplicated chlamydial urethritis in men. 
Sparfloxacin, grepafloxacin and trovafloxacin have all since been withdrawn 
from clinical use. 

Quinolone resistance has been demonstrated in a laboratory-manipulated L2 
strain of C. trachomatis [52]. Two mutant strains were isolated on subculture in 
subinhibitory concentrations of ofloxacin and sparfloxacin. These isolates 
showed cross-resistance against ciprofloxacin and pefloxacin and reduced sus- 
ceptibility to norfloxacin. The resistance is characterised by a point mutation in 
gyrA resulting in the substitution of isoleucine for serine at codon 83. Serial pas- 
sage of C. trachomatis isolates in sub-inhibitory concentrations of ciprofloxacin 
and ofloxacin have resulted in quinolone resistance with a final MIC greater 
than 256 times that of the original wild-type strain [53]. These mutant isolates 
again show the same point mutation in gyrA. The clinical significance of these 
in vitro findings is becoming apparent as reports of clinical treatment failure of 
drug-resistant C. trachomatis appear in the literature [54]. These clinical isolates 
had an MIC90 to ofloxacin of 2 and >4 mg/L as compared with an MIC90 of 
0.5 mg/L for the control strain. In a study of 45 clinical isolates of C. tra- 
chomatis, Rice et al. [55] found that isolates with higher MICs belonged pre- 
dominantly to serovar la which was more commonly associated with severe 
symptomatic chlamydial infection (pelvic inflammatory disease or mucopuru- 
lent cervicitis) compared with asymptomatic infection. Whether antibiotic 
resistance correlates to pathogenicity in chlamydial infection remains to be 
seen. Resistance to macrolides and tetracyclines has not been found to be asso- 
ciated with resistance to ciprofloxacin, ofloxacin or trovafloxacin [56]. 



Syphilis 

There are, as yet, no reports of clinically useful activity of quinolones against 
Treponema pallidum. 



Lymphogranuloma venereum 

Lymphogranuloma venereum is caused by Chlamydia trachomatis serovars 
LI, L2 and L3. Quinolones are not used routinely to treat this uncommon dis- 
ease [57]. 



Chancroid 



Chancroid caused by Haemophilus ducreyi is a common cause of genital ulcer- 
ation in many tropical areas including Africa, the Carribean and South West 
Asia. Haemophilus ducreyi, including beta-lactamase-producing and tetracy- 
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Table 3. Activity of the fluoroquinolones against Haemophilus ducreyi [59] 



Antibiotic 


MIC90 (mg/L) 


Clinafoxacin 


0.001 


Sparfloxacin 


<0.03 


Ciprofloxacin 


0.02 


Ofloxacin 


0.03 


Fleroxacin 


0.06 



cline-resistant organisms, are highly susceptible to most fluoroquinolones 
[58]. Table 3 lists the activity of various quinolones against Haemophilus 
ducreyi. Ciprofloxacin 500 mg orally twice daily for 3 days is highly effective 
and is recommended as an alternative to a macrolide in the current American 
and European guidelines for the management of tropical genito-ulcerative dis- 
ease [12, 60]. A single 500 mg oral dose of ciprofloxacin was compared with 
500 mg of erythromycin given orally every 8 h for 7 days for the treatment of 
tropical genital ulceration in Kenya [61]. Of the patients enrolled who had cul- 
ture- and/or PCR-confirmed infection with H. ducreyi, four out of 60 failed to 
respond to ciprofloxacin, and four out of 51 failed to respond to erythromycin. 
Treatment failures were associated with ulcers caused by Herpes simplex virus 
and Treponema pallidum. In India, 500 mg of ciprofloxacin given orally for 3 
days cured genital ulceration caused by H. ducreyi in 15 patients, with clinical 
improvement observed in a further patient [62]. There were no treatment fail- 
ures. Of the other fluoroquinolones, a single 400 mg dose orally of fleroxacin 
has been shown to be effective for the treatment of chancroid in Kenya [63]. 
In this study, culture proven failure occurred in only 1 of 36 patients treated 
with fleroxacin versus 11 of 37 patients treated for 3 days with oral trimetho- 
prim-sulphamethoxazole (60/800 mg). 



Donovanosis (granuloma inguinale) 

Donovanosis is a chronic genital ulcerative diseases caused by 
Calymmatobacterium granulomatis seen predominantly in tropical countries. 
Few treatment studies have been conducted. Treatment recommendations 
include norfloxacin 400 mg orally twice daily or ciprofloxacin 500 mg orally 
twice daily until ulceration is healed [13, 64]. The CDC recommends 
ciprofloxacin 750 mg orally twice daily for a minimum of 3 weeks [12]. 



Epididymo-orchitis 

In men younger than 35 years old, epididymo-orchitis is commonly caused by 
sexually transmitted bacteria, predominantly Neisseria gonorrhoeae and 




The quinolones and sexually transmitted infections 



129 



Chlamydia trachomatis [6]. Current CDC guidelines recommend ofloxacin 
300 mg orally twice daily for 10 days for the treatment of epididymitis [12]. 
In Europe and the UK, ofloxacin 200 mg orally twice daily for 14 days is rec- 
ommended as an alternative to doxycycline [13, 65]. 



Pelvic inflammatory disease 

Pelvic inflammatory disease (PID) refers to the clinical syndrome that results 
when infection ascends from the endocervix. Endometritis, salpingitis, pelvic 
peritonitis, or tubo-ovarian abcess may result. Chlamydia trachomatis and 
Neisseria gonorrhoeae have been identified as major causative agents [66]. 
Antimicrobial therapy must eradicate these organisms as well as enterobacte- 
riaceae and possibly anaerobes. As noted above, the role of M. hominis 
remains uncertain. Ofloxacin 400 mg orally twice daily for 10 days was as 
effective as cefoxitin 2 g intravenously once daily plus doxycycline 100 mg 
twice daily for 10 days in an outpatient randomised comparative study in 249 
women [67]. N. gonorrhoeae was found in 16% of patients and C. trachoma- 
tis in 12%, all of whom were treated effectively with ofloxacin [67]. 
Ciprofloxacin 250 mg orally twice daily plus clindamycin 300 mg orally three 
times daily for 14 days was comparable in efficacy to ceftriaxone plus doxy- 
cycline (97% versus 95% clinical cure rate) in a study from South America 
[68]. In this study, the most prevalent isolates were streptococci, staphylococ- 
ci, Escherichia coli, and anaerobes. N. gonorrhoeae was isolated from only 
2% of patients (3 of 131) and C. trachomatis was isolated from 11% (15 of 
131). The addition of clindamycin to ciprofloxacin gives better streptococcal, 
staphylococcal and anaerobic cover, but will not reliably eradicate C. tra- 
chomatis. The importance of anaerobes in the pathogenesis of PID remains 
uncertain. Concern that tissue damage may continue when anaerobes are sub- 
optimally treated has prompted the CDC and others to recommend therapeutic 
regimens for PID which include comprehensive anaerobic cover [69]. 
American, British and European guidelines all recommend oral ofloxacin 
400 mg twice daily plus oral metronidazole 500 mg twice daily for 14 days for 
outpatient management of pelvic inflammatory disease [12, 13, 70]. For 
patients with more severe clinical disease, ofloxacin 400 mg intravenously 
twice daily plus metronidazole 500 mg intravenously three times daily for 14 
days, or ciprofloxacin 200 mg intravenously twice daily plus doxycycline 
100 mg intravenously or orally twice daily plus metronidazole 500 mg intra- 
venously three times daily for 14 days, are alternative treatment regimens 
which include a quinolone [12, 13, 70]. Once clinical improvement has been 
established, the 2-week antimicrobial therapy course may be completed using 
the equivalent oral preparations. 
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Quinolones and sexually transmitted infections in pregnancy and 
paediatrics 

Fluoroquinolones are contra-indicated in pregnancy. Their use in paediatrics 
has been limited because of fear of arthropathy. Ciprofloxacin has been used 
successfully in children with cystic fibrosis to treat Pseudomonas aeroginosa 
infection [71], and in children with typhoid fever [72], with no adverse effects 
on growth or joint symptomatology. As yet recommendations for the treatment 
of gonococcal and chlamydial infection in children do not include the fluoro- 
quinolones. 



Conclusion 

Quinolones play an important role in the management of sexually transmitted 
infection in adults. Table 4 summarises the use of quinolones for the treatment 
of gonorrhoea, non-gonococcal genital infection, chancroid, donovanosis, epi- 
didymo-orchitis and pelvic inflammatory disease as recommended in the cur- 
rent American, European and British guidelines [12-14, 45, 56, 59, 64, 69]. 

Increasing resistance of N. gonorrhoeae to quinolones is limiting their clin- 
ical effectiveness on a global scale. The highest levels of quinolone-resistant 
N. gonorrhoeae isolates are found in Southeast Asia [29, 31, 33]. Current rec- 
ommendations are that gonococcal infection acquired in Southeast Asia should 
be treated with ceftriaxone or spectinomycin, and not with a quinolone 
[12-14]. Accurate and effective surveillance programmes need to be continued 
worldwide in order to monitor the incidence and the antimicrobial resistance 
of gonococcal isolates. The CDC will continue to recommend the use of fluo- 
roquinolones for the treatment of gonococcal infection as long as quinolone- 
resistant strains comprise < 1 % of all N. gonorrhoeae strains isolated through 
surveillance [12]. As demonstrated by Tapsall et al. [36], phenotyping is a use- 
ful and important tool in the understanding and management of an outbreak 
and should compliment surveillance. 

Quinolone-, doxycycline-, and macrolide-resistant isolates of C. trachoma- 
tis have been reported [54]. Quinolone-resistant strains of C. trachomatis have 
also been developed in the laboratory by sub-culturing the organism in sub- 
inhibitory concentrations of quinolones [52, 53]. The importance of these find- 
ings remains to be seen and may foretell an emerging infectious disease prob- 
lem. 

Finally, quinolones play an important role in the management of epididy- 
mo-orchitis in men and pelvic inflammatory disease in women [12, 13, 65, 
70]. 
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Table 4. Summary of the recommended use of quinolones in the treatment of sexually transmitted 
infections [12-14, 46, 60, 65, 70] 



Uncomplicated gonorrhoea 
One of the following: 

i) Ciprofloxacin 500 mg orally as a single dose 

ii) Ofloxacin 400 mg orally as a single dose 

Disseminated gonorrhoea 
One of the following: 

i) Ciprofloxacin 500 mg intravenously every 12 h until symptoms have improved and 
continuing with ciprofloxacin 500 mg orally every 12 h to complete a treatment course of 7 
days 

ii) Ofloxacin 400 mg intravenously every 12 h until symptoms have improved and continuing 
with ofloxacin 400 mg orally twice daily to complete a treatment course of 7 days. 

Non-gonococcal genital infection 
One of the following: 

i) Ofloxacin 300 mg orally twice daily for 7 days 

ii) Ofloxacin 200 mg orally twice daily for 7 days 

iii) Ofloxacin 400 mg orally once daily for 7 days. 

If a single dose of ofloxacin 400 mg orally or a single dose of ciprofloxacin 500 mg orally is 
given then further treatment with a macrolide or doxycycline is required. 

Chancroid 

Ciprofloxacin 500 mg orally twice daily for 3 days. 

Donovanosis 

One of the following: 

i) Ciprofloxacin 500 mg orally twice daily until ulceration is healed 

ii) Ciprofloxacin 750 mg orally twice daily until ulceration is healed 

iii) Norfloxacin 400 mg orally twice daily until ulceration is healed 

Epididymo-orchitis 

One of the following: 

i) Ofloxacin 300 mg orally twice daily for 10 days 

ii) Ofloxacin 200 mg orally twice daily for 14 days 

Pelvic inflammatory disease 
For outpatient management: 

Ofloxacin 400 mg orally twice daily plus metronidazole 500 mg orally twice daily for 14 days. 
For inpatient management, one of the following: 

i) Ofloxacin 400 mg intravenously twice daily plus metronidazole 500 mg intravenously 
three times daily until symptoms have improved, and continuing with ofloxacin 400 mg 
orally twice daily and metronidazole 500 mg orally twice daily to complete a treatment 
course of 14 days. 

ii) Ciprofloxacin 200 mg intravenously twice daily plus doxycycline 100 mg intravenously or 
orally twice daily plus metronidazole 500 mg intravenously three times daily until 
symptoms have improved, and continuing with ciprofloxacin 250 mg orally twice daily 
plus doxycycline 100 mg orally twice daily plus metronidazole 500 mg orally twice daily 
to complete a treatment course of 14 days. 
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Introduction 

The fluoroquinolones have excellent in vitro activity against a variety of gas- 
trointestinal pathogens including enteropathogenic Escherichia coli, 
Salmonella spp., Shigella spp., Yersinia enterocolitica, Aeromonas hydrophila, 
Plesiomonas shigelloides, and Helicobacter pylori [1-4]. The newer fluoro- 
quinolones (trovafloxacin, gatifloxacin, gemifloxacin) are also active against 
many obligate anaerobes [5, 6]. Coupled with favorable bioavailability after 
oral administration, and the ability to achieve high concentrations in the intes- 
tinal mucosa, hepatobiliary tree, and in feces, it is not surprising that this 
antibiotic class has been studied extensively for the treatment of gastrointesti- 
nal infections. This chapter will review the impact of fluoroquinolones on the 
fecal flora, and their major clinical applications in gastrointestinal and intraab- 
dominal infections. Particular emphasis is directed to large randomized, dou- 
ble-blind and controlled clinical trials before and since 1995. 



Impact on fecal microflora 

Even though their routes of elimination may differ, all fluoroquinolones reach 
much higher concentrations in the gastrointestinal tract than in serum, making 
them particularly attractive agents for the treatment of enteric infections [7] 
(Tab. 1). For ciprofloxacin, norfloxacin and pefloxacin, the transintestinal route 
of elimination is particularly prominent, accounting for extraordinarily high 
concentrations both in the intestinal mucosa and in feces [8]. Trovafloxacin and 
moxifloxacin are both eliminated primarily by biliary excretion [9-11], with 
recovery of fecal trovafloxacin predominantly in the unchanged rather than 
metabolized form (43% versus 13% of administered dose), and moxifloxacin 
predominantly in the metabolized form (36% versus 25%). Ofloxacin, flerox- 
acin, levofloxacin and gatifloxacin are primarily excreted by the renal route 
(-80%), with relatively lower concentrations in feces [12]. 

The impact of selected fluoroquinolones on the normal intestinal flora is 
summarized in Table 2. The facultative Gram-negative bacteria, particularly 




Table 1. Faecal concentrations of selected fluoroquinolones from representative studies 
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healthy volunteers 

Garcia-Calvo et al. (2001) Trovafloxacin 200 mg PO single dose 12 18±34 [116] 

healthy volunteers 
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Table 2. Effect of selected fluoroquinolones on the intestinal microflora 



140 



A.W. Chow 




(Continued on next page). 




Table 2. (Continued) 



Gastrointestinal and intraabdominal infections 



141 




suppression (<2 loglO/g faeces; - = no sigmhcanl 




142 



A.W. Chow 



Enterobacteriaceae, are profoundly suppressed or eliminated during therapy 
[13]. Facultative Gram-positive cocci are strongly suppressed by moxi- 
floxacin, and to minor degrees by the other fluoroquinolones. The fourth gen- 
eration fluoroquinolones, trovafloxacin, moxifloxacin and gatifloxacin, all 
have potent in vitro activity against obligate anaerobes including Bacteroides 
fragilis [5, 4, 14], but have only limited effects on the intestinal anaerobic 
microflora similar to the first and second generation fluoroquinolones [15]. 
Edlund et al. [16] reported that the fluoroquinolones bind to the bacterial frac- 
tion of feces. This may explain the apparent paradox that despite high fecal 
concentrations, these fluoroquinolones have relatively limited effect on the 
normal intestinal microflora. None of the fluoroquinolones are very active 
against Clostridium difficile [17], and C. difficile associated diarrhea following 
quinolone therapy has been well documented [18-20]. Contrary to reports 
from earlier studies, emergence of resistant facultative Gram-negative bacteria 
from the gastrointestinal tract during or following fluoroquinolone therapy is 
not uncommon [12, 21]. For this reason, the prophylactic use of fluoro- 
quinolones is strongly discouraged. 



Major clinical applications studied prior to 1995 

The fluoroquinolones prior to 1995 (e.g., nalidixic acid, ciprofloxacin, nor- 
floxacin, ofloxacin, pefloxacin, fleroxacin, lomefloxacin) are mainly active 
against Gram-negative bacteria (particularly Enterobacteriaceae), but have 
limited or no activity against Gram-positive or anaerobic bacteria. Earlier stud- 
ies clearly established the use of second generation fluoroquinolones (nor- 
floxacin, ciprofloxacin, ofloxacin, fleroxacin) as the agents of choice for the 
treatment of infectious and traveler’s diarrhea in adults [22]. Since these agents 
lack activity against intestinal anaerobes and enterococci, and may preserve 
“colonization resistance” in the GI tract, they have also been studied for selec- 
tive gut decontamination in patients undergoing colorectal surgery [23, 24] or 
bone marrow transplantation [25, 26]. The second generation fluoroquinolones 
have also been evaluated for the treatment and prevention of bacterial peri- 
tonitis in patients undergoing chronic ambulatory peritoneal dialysis (CAPD) 
and for spontaneous bacterial peritonitis in patients with cirrhosis. Finally, 
these fluoroquinolones have been investigated for the treatment of acute bil- 
iary tract infections (cholecystitis or cholangitis), and for the treatment or pre- 
vention of cholangitis following endoscopic retrograde cholangiopancreatog- 
raphy (ERCP). 



Treatment and prevention of traveler's diarrhea 

Traveler’s diarrhea is characterized by a diarrheal illness after traveling from 
an industrialized country to a developing area of the world [27]. The clinical 




Gastrointestinal and intraabdominal infections 



143 



syndrome is defined by the passing of > 3 loose stools within a 24-h period, 
and is associated with at least one symptom of enteric disease such as nausea, 
vomiting, cramps, fever, fecal urgency, tenesmus, or the passage of bloody 
mucoid stools. Bacterial enteropathogens cause at least 80% of traveler’s diar- 
rhea [22]. Although somewhat variable depending on the region of travel, the 
predominant causes in decreasing order of frequency include: enterotoxigenic 
Escherichia coli, Shigella species, Campylobacter jejuni, Aeromonas species, 
Plesiomonas shigelloides, Salmonella species, and non-cholera vibrios. 
Although traveler’s diarrhea is usually self-limited and may not require antimi- 
crobial therapy, patients who have severe disease, an underlying medical ill- 
ness, or are immunocompromised may be candidates for anti-infective treat- 
ment. Several double-blind placebo-controlled trials have demonstrated the 
efficacy of fluoroquinolones in the treatment of traveler’s diarrhea (Tab. 3). 
Either ciprofloxacin (750 mg as a single dose or 500 mg twice a day for 3 
days), norfloxacin (800 mg as a single dose or 400 mg twice a day for 3 days), 
or ofloxacin (600 mg as a single dose or 300 mg twice a day for 3 days) is 
effective, and treatment reduces the duration of loose stools by 1 to 3 days 
compared to placebo [27, 28]. The addition of loperamide (up to 16 mg/day) 
to these agents appears to reduce the mean cumulative number of liquid stools 
relative to fluoroquinolones alone by about 25-50% at 48 h [29-31]. Whereas 
trimethoprim-sulfamethoxazole (TMP-SMZ) was comparable to the fluoro- 
quinolones in several controlled trials and has been the treatment of choice for 
traveler’s diarrhea for many years in the past, development of resistance to 
TMP-SMZ by a number of enteropathogens worldwide has severely limited its 
clinical utility [28]. 

Although ciprofloxacin and norfloxacin have both been demonstrated in 
double-blind placebo-controlled trials to be effective in preventing against 
traveler’s diarrhea (89-94% versus 64-66% for placebo; /?<0.05) [32, 33], 
routine use of these agents for chemoprophylaxis of traveler’s diarrhea is not 
recommended because of the concern of emerging resistance [28, 34]. 



Empiric treatment of acute infectious diarrhea 

In a study of 173 patients with domestically acquired diarrhea, ciprofloxacin 
500 mg twice daily for 5 days shortened the duration of diarrhea compared to 
placebo (2.4 versus 3.4 days; p < 0.0005) [35] (Tab. 3). In the same study, 
ciprofloxacin was also more effective than TMP-SMZ 160/800 mg or placebo 
(p < 0.001). In a separate study, fleroxacin given either as a single dose or three 
daily doses significantly shortened the clinical duration of diarrhea and eradi- 
cated the causative enteropathogen from stool cultures more rapidly compared 
to placebo [36, 37]. Short courses of fluoroquinolone therapy, however, have 
been relatively ineffective in intestinal clearance of Salmonella spp. [37, 38]. 
In light of this, and with the increasing threat of TMP-SMZ-resistant shigel- 
losis and quinolone-resistant campylobacteriosis, it is strongly recommended 




Table 3. Clinical and bacteriologic responses to fluoroquinolones in the treatment of traveler’s diarrhea and non-travel-related acute infectious diarrhea 
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that fecal specimens be routinely obtained for culture and examined for evi- 
dence of an inflammatory process, particularly if invasive diarrhea is suspect- 
ed and empiric antimicrobial therapy is contemplated [34]. A second genera- 
tion fluoroquinolone (norfloxacin 400 mg, ciprofloxacin 500 mg, or ofloxacin 
800 mg, each bid x 3 days) is recommended if enteropathogenic (enteroinva- 
sive, enterohaemorrhagic or enteroaggregative) Escherichia coli. Salmonella, 
Shigella or Aeromonas infection is suspected in adults. TMP-SMZ plus a 
macrolide (e.g., azithromycin) is recommended if quinolone-resistant 
Campylobacter spp. is suspected, and metronidazole is advised if Clostridium 
difficile associated diarrhea is likely [34]. 



Treatment of specific enteric infections (Tab. 4) 

Non-typhoidal Salmonella gastroenteritis 

Antibiotic therapy in non-typhoidal salmonella gastroenteritis remains contro- 
versial since the illness is usually self-limited (resolving within 2-5 days), and 
treatment not only does not shorten the duration of symptoms but also may 
prolong the intestinal carrier state [39]. Both norfloxacin (400 mg twice daily) 
and ciprofloxacin (500 mg twice daily) for 5 days either delayed the elimina- 
tion of salmonella from stool cultures or failed to prevent a high rate of bacte- 
riological relapse [33, 40]. As well, the emergence of high-level quinolone 
resistance in S. typhimurium during or after therapy has been reported [39]. 
Thus, fluoroquinolones should be used with caution in patients with acute non- 
typhoidal salmonella gastroenteritis, and should be limited to patients with 
immune deficiency states such as AIDS or asplenia [39, 34]. 

Salmonella enteric fever 

Fluoroquinolones are considered the treatment of choice for enteric fever 
caused by S. typhi or S. paratyphi primarily in light of increasing resistance to 
the betalactams, TMP-SMZ, and chloramphenicol. In noncomparative trials, 
all second generation fluoroquinolones (ciprofloxacin, norfloxacin, ofloxacin, 
pefloxacin, enoxacin) were equally effective when administered for 7-14 
days, with clinical cure rates of 96-100% [41, 42]. Fluoroquinolones are high- 
ly active even against multi-resistant S. typhi, and is superior to short-course 
(3-day) ceftriaxone therapy in one study [43]. Although shorter courses of flu- 
oroquinolones have been effective in patients with enteric fever, treatment for 
at least 7-10 days is generally advised [42]. 

Between 1-6% of patients with enteric fever become chronic fecal carriers 
of S. typhi [44]. In contrast to non-typhoidal Salmonella in which stool car- 
riage may be prolonged following fluoroquinolone therapy, several studies 
have demonstrated that norfloxacin, ciprofloxacin or ofloxacin eradicated 
chronic carriage of S. typhi in 83-93% of patients [45]. In a double-blind, 
placebo-controlled trial, norfloxacin 400 mg twice a day for 28 days eradicat- 
ed chronic carriage of S. typhi from stool and bile cultures in 11 of 12 (92%) 




Table 4. Clinical and bacteriologic responses to fluoroquinolones in the treatment of acute diarrhea caused by specific pathogens 
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Uwaydah et al. Arabian Gulf Ciprofloxacin 500 mg PO bid x 7-10 days 34/34(100%) [134] 

(1992) Ciprofloxacin 750 mg PO bid x 7-10 days 27/28 (96%) 

(Continued on next page) 
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individuals compared to 0 of 12 in the placebo group (p < 0.005) [46]. Overall, 
the eradication rate with norfloxacin for 23 individuals with chronic S. typhi 
carriage was 78%. In a separate study, ciprofloxacin 750 mg twice a day for 
28 days eliminated chronic carriage of 5. typhi in 11 of 12 (92%) patients [44]. 
The optimal duration required for the treatment of chronic S. typhi carriage 
remains undetermined, however. 

Shigellosis 

A 3-5 day course of ciprofloxacin, norfloxacin, ofloxacin or fleroxacin was 
highly effective in patients with shigellosis (Tab. 4). The addition of lop- 
eramide to ciprofloxacin may further shorten the duration of diarrhea com- 
pared to ciprofloxacin alone (median duration 19 h versus 42 h) [47]. Even a 
single dose can be effective in acute shigellosis except in those cases caused 
by S. dysenteriae type 1, for whom a 5-10 day course of treatment is required 
[48]. An increasing frequency of Shigella strains develop multidrug resistance 
to ampicillin, TMP-SMZ and nalidixic acid, and these agents are no longer 
useful for the treatment of shigellosis in Bangladesh and elsewhere [49]. 

Cholera 

Antimicrobial therapy reduces the volume of diarrhea by approximately one 
half, and shortens the duration of fecal excretion of V, cholerae compared to 
placebo controls. Although tetracycline has been the treatment of choice, the 
emergence of resistant strains of V. cholerae 01 has prompted a search for 
alternative regimens. The fluoroquinolones are highly active against both V. 
cholerae 01 and 0139 infections [41] (Tab. 4). A single-dose regimen of 
ciprofloxacin 1 g is superior to single-dose doxycycline 300 mg in V. cholerae 
01 infection, both in reducing the volume of diarrhea and in bacteriological 
eradication [50]. 

Campylobacter enteritis 

The value of antimicrobial therapy in Campylobacter enteritis is limited since 
most patients are already recovering by the time laboratory confirmation of the 
diagnosis is received. However, studies of placebo-controlled empiric treat- 
ment of community acquired gastroenteritis with norfloxacin or ciprofloxacin 
for 5 days have shown a shortening of the duration of diarrhea by an average 
of 3.2 days [51, 52]. Unfortunately, rapid emergence of resistant strains during 
treatment is relatively common [53-55]. An alarming trend is the rapid appear- 
ance of quinolone-resistant Campylobacter enteritis both in the United States 
and abroad, especially in Spain and Southeast Asia [56-58]. In the United 
States, surveillance of 4,953 Campylobacter isolates submitted to the 
Minnesota Department of Health revealed an increasing rate of quinolone 
resistance, rising from 1.3% in 1992 to 10.2% in 1998 [59]. This study also 
reported a high rate of C. jejuni recovery (74%) from retail chicken products, 
including ciprofloxacin resistant strains (14%). A direct link between human 
and poultry isolates was confirmed by molecular subtyping. Erythromycin 
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remains the antibiotic of choice for the treatment of Campylobacter enteritis, 
with resistance rates seldom exceeding 5%. Treatment with azithromycin has 
been found to be superior to ciprofloxacin (each administered at 500 mg daily 
for 3 days), particularly for ciprofloxacin-resistant infections [60]. It has been 
recommended that a second generation fluoroquinolone be considered for the 
initial empiric treatment of acute infectious gastroenteritis if antimicrobial 
therapy is warranted. Once the diagnosis of Campylobacter infection is con- 
firmed bacteriologically, a macrolide may be added or substituted for specific 
treatment [34]. 

Other enteric infections 

Patients infected with parahaemolyticus responded promptly to either a sin- 
gle-dose or 3-day treatment with fleroxacin 400 mg [36] (Tab. 4). There was 
significant reduction in the number of liquid stools on day 3 compared with 
patients treated with placebo (p < 0.05), and in positive stool cultures by day 
3-5 (p< 0.0001). In patients with gastroenteritis caused by less common 
enteropathogens, such as Yersinia enterocolitica, Plesiomonas shigelloides, or 
Aeromonas spp., treatment with a fluoroquinolone has resulted in successful 
eradication of the causative organisms from stool cultures, but there is insuffi- 
cient data to document the effect of quinolone therapy on the duration or sever- 
ity of clinical illness. 



Selective gut decontamination and infection prevention 

Since fluoroquinolones result in selective suppression of the facultative Gram- 
negative intestinal flora, particularly Enterobacteriaceae, there was consider- 
able interest in the use of these agents for the prevention of postoperative 
wound infection following colorectal surgery, and Gram-negative sepsis in the 
neurtropenic host. 

Colorectal surgery 

Single-dose regimens of oral or intravenous ciprofloxacin with or without 
metronidazole [23, 61], and single-dose intravenous trovafloxacin [62] were 
evaluated in double-blind randomized trials for wound prophylaxis following 
colorectal surgery. The rates of postoperative infectious complications in these 
studies ranged from 7% to 28% and were not significantly different from com- 
parator standard regimens. Since effective antimicrobial therapy for postoper- 
ative wound sepsis is readily available, and because fluoroquinolones are inac- 
tive against both methicillin-resistant S. aureus and enterococci, two relative- 
ly common causes of surgical wound infections, the risk of promoting wide- 
spread quinolone resistance appears to outweigh any potential benefit from 
quinolone prophylaxis for patients undergoing colorectal surgery at this time. 
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Neutropenic host 

A meta- analysis of 2,112 patients suggested that fluoroquinolones 
(ciprofloxacin, norfloxacin, ofloxacin and pefloxacin) alone were more effec- 
tive than control groups (TMP-SMZ, oral nonabsorbable antimicrobials, or 
placebo) in preventing microbiologically documented infections and Gram- 
negative bacteremia as well as febrile mortality in the neutropenic host, but not 
Gram-positive bacteremia [63]. In comparative studies with other fluoro- 
quinolones, ciprofloxacin was more effective than norfloxacin, ofloxacin or 
pefloxacin in reducing the incidence of infections caused by Gram-negative 
bacteria [64, 65]. However, the rapid emergence of resistant microorganisms, 
including high-level quinolone-resistant E. coli bacteremia in neutropenic 
patients who had received fluoroquinolone prophylaxis [66, 67], has greatly 
dampened the enthusiasm for prophylactic use of this drug class in this patient 
population [41]. 



Treatment and prevention of bacterial peritonitis in cirrhotic patients or 
following CAPD 

Patients with cirrhosis are at high risk for recurrent spontaneous bacterial peri- 
tonitis caused by enteric facultative Gram-negative organisms. Treatment with 
oral ofloxacin was as effective as intravenous cefotaxime in one randomized 
comparative study of 123 cirrhotics with spontaneous bacterial peritonitis 
(84% versus 85%) [68]. Although prophylaxis with oral ciprofloxacin (750 mg 
once weekly) or norfloxacin (400 mg once daily) has been shown to reduce 
recurrences of spontaneous peritonitis by three-fold [69, 70], prolonged treat- 
ment has resulted in the rapid emergence of resistant bacteria and is not re- 
commended [71]. 

Use of fluoroquinolones in peritonitis has also been evaluated in patients 
undergoing chronic ambulatory peritoneal dialysis (CAPD). In noncompara- 
tive studies, clinical cure rates (defined as the absence of symptoms of peri- 
tonitis with clear dialysate effluent) ranged from 75 to 83% of episodes fol- 
lowing treatment with intraperitoneal ciprofloxacin (25 or 50 mg/L in each bag 
of dialysate for 5 or 7 days) [41]. Not surprisingly, the clinical and microbio- 
logical cure rates were higher in Gram-negative (19 of 20; 95%) than in Gram- 
positive (39 of 58; 67%) infections. A cure rate of 83% was reported in a study 
which used sequential intraperitoneal ciprofloxacin (50 mg/L in each bag of 
dialysate for 5 days) followed by oral ciprofloxacin (500 mg bid for 10 days) 
[72]. In another comparative study, success rates with intraperitoneal 
ciprofloxacin (20 mg/L in each bag of dialysate) for 10 days was similar to the 
standard regimen of intraperitoneal vancomycin plus gentamicin (95% versus 
80%) [73]. Compared to intraperitoneal ciprofloxacin (200 mg IP loading 
dose, then 25 mg/L in each bag of dialysate for 10 days), oral ciprofloxacin 
(750 mg bid for 10 days) produced lower cure rates (67% versus 42%) [74]. 
Resistant Gram-positive infections accounted for about half of the treatment 
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failures in this study. Others also reported the high rate of treatment failures 
with oral ciprofloxacin or ofloxacin, primarily due to the emergence and 
spread of ciprofloxacin-resistant coagulase-negative staphylococci [75, 76]. 



Acute biliary tract infections 

The fluoroquinolones can reach high concentrations in the hepatobiliary tract, 
either by direct excretion into bile or through tissue penetration [77, 78]. 
Concentrations of ciprofloxacin in bile may reach up to 10-fold higher than in 
serum. Remarkably, fluoroquinolone concentrations in bile remain high even in 
the presence of biliary tract obstruction [79]. Since acute biliary tract infections 
are primarily caused by enteric facultative Gram-negative bacteria and the role 
of enterococci is less certain, standard empiric treatment for such infections has 
been either with an aminoglycoside, a second or third generation 
cephalosporin, or a ureidopenicillin such as mezlocillin or piperacillin [80]. 
Coverage for anaerobic bacteria is generally not required, unless there is prior 
bile duct-bowel anastomosis, in the elderly, or in patients with serious clinical 
conditions. TMP-SMZ and fluoroquinolones are alternative agents, but there 
have been relatively few comparative studies that evaluated their efficacy. 

Cholecystitis or cholangitis 

Clinical cure or improvement with ciprofloxacin therapy by sequential intra- 
venous (200 mg ql2h) and oral (750 mg ql2h) administration was observed in 
28 of 32 (88%) patients with acute biliary tract infection (cholecystitis, cholan- 
gitis, or both) [81]. In a comparative study of 90 patients with acute suppura- 
tive cholangitis, the clinical cure rate following intravenous ciprofloxacin 
(200 mg ql2h) was similar to combination therapy with intravenous cef- 
tazidime (1 g ql2h) plus ampicillin (500 mg q6h) and metronidazole (500 mg 
q8h) (85% versus 77%) [82]. However, the mean durations of fever (1.7 ver- 
sus 2.4 days) and hospitalization (6.6 versus 7.7 days) were both significantly 
shorter in the ciprofloxacin group (p < 0.05). 

ERCP 

Cholangitis and septicemia are serious complications of endoscopic retrograde 
cholangiopancreatography (ERCP). Antibiotic prophylaxis with piperacillin 
was found to be effective in preventing cholangitis and bacteremia following 
ERCP in randomized, double-blind placebo-controlled trials [83]. Both 
ciprofloxacin, fleroxacin and moxifloxacin are actively excreted into bile [77, 
79, 84]. However, there have been few well-controlled studies evaluating the 
efficacy of fluoroquinolones prior to ERCP. A recent meta-analysis of seven 
randomized, double-blind, placebo-controlled trials concluded that although 
antibiotic prophylaxis prior to ERCP may reduce the incidence of bacteremia, 
prophylaxis does not substantially reduce the incidence of sepsis/cholangitis 
and thus the routine use of antibiotic prophylaxis cannot be reconnnended 
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[85]. Subhani et al. [86] suggested that antibiotic prophylaxis prior to ERCP 
should be restricted to patients who require stenting due to incomplete drain- 
ing of the biliary system. Such patients have a high risk of developing cholan- 
gitis and Gram-negative bacteremia. By restricting antibiotic prophylaxis to 
this patient group who are most likely to benefit from treatment, antibiotic use 
can be avoided in 90% of all patients having an ERCP. More comparative stud- 
ies are warranted to examine the efficacy of an oral fluoroquinolone compared 
to intravenous regimens such as piperacillin, ceftriaxone or an aminoglycoside 
in this high risk population [87]. 



Major clinical applications studied since 1995 

The fluoroquinolones developed since 1995 (e.g., levofloxacin, trovafloxacin, 
moxifloxacin, clinafloxacin, gatifloxacin, gemifloxacin, etc.) have retained 
much of the activity of ciprofloxacin and ofloxacin against enteric Gram-neg- 
ative bacteria [12]. However, they have greater potency than ciprofloxacin 
against Gram-positive cocci including S. pneumoniae, viridans streptococci 
and some staphylococci, although activity against enterococci remains only 
marginal. Most methicillin sensitive S. aureus are sensitive, but many methi- 
cillin resistant S. aureus have acquired high-level cross-resistance to 
ciprofloxacin as well as the newer fluoroquinolones [12]. The fourth genera- 
tion fluoroquinolones (trovafloxacin, moxifloxacin, gatifloxacin, cli- 
nafloxacin, gatifloxacin, gemifloxacin) also have excellent anti-anaerobe 
activity, including members of the Bacteroides fragilis group, 
Pepto streptococcus spp., and some Clostridium spp. but not C. difficile [5, 88, 
89]. Furthermore, these fluoroquinolones have excellent penetration into 
abdominal tissues including colonic mucosa, bile and peritoneal fluid. Thus, 
these fourth generation fluoroquinolones show considerable promise as 
monotherapy for the treatment of intraabdominal infections which are usually 
polymicrobial and caused by a mixture of anaerobes and facultative Gram- 
negative aerobes. In addition, there has been a resurgence of interest in the use 
of fluoroquinolones for the eradication of Helicobacter pylori in patients with 
gastritis and peptic ulcer disease. 



Intraabdominal sepsis 

Among the fourth generation fluoroquinolones, only trovafloxacin, moxi- 
floxacin and gatifloxacin are released for clinical use. Clinafloxacin has been 
withdrawn by the manufacturer because of concerns of severe adverse effects 
such as phototoxicity and hypoglycemia, while gemifloxacin is still under 
clinical investigation. Unfortunately, trovafloxacin has only limited clinical 
application because of the risk of liver failure, and its clinical use is restricted 
to patients with life- or hmb-threatening infections for whom it is believed that 
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the potential benefits of trovafloxacin therapy outweigh the risks. Thus at pres- 
ent, only moxifloxacin and gatifloxacin are widely available, but neither of 
these fourth generation fluoroquinolones are currently approved for the treat- 
ment of intra-abdominal infections. Nevertheless, a number of randomized, 
double-blind controlled clinical trials have documented the potential use of 
fluoroquinolones, either in combination with an anti-anaerobe agent (e.g., 
ciprofloxacin plus either metronidazole or clindamycin) or as monotherapy 
(e.g., trovafloxacin or clinafloxacin) for the treatment of intraabdominal infec- 
tions (Tab. 5). 

Ciprofloxacin in combination with an anti-anaerobe agent 
Yoshioka et al. [90] compared prospectively the combination of ciprofloxacin 
plus metronidazole versus amoxicillin-clavulanate in 78 patients with estab- 
lished intraabdominal infection, two-thirds of whom had a prior surgical proce- 
dure. The rates for clinical cure or improvement at 5 days were similar (97% 
versus 90%). Hoogkamp-Korstanje [91] reported that ciprofloxacin plus 
metronidazole was more effective than triple therapy with cefotaxime plus gen- 
tamicin and metronidazole in 79 post-surgical patients with intraabdominal 
infection (clinical cure/improvement rates 77% versus 57%; p<0.05). In a 
more recent double-blind multicentre trial, 691 patients with complicated 
intraabdominal infections (largely due to diseases of the colon, small bowel and 
appendix) were randomized to receive either ciprofloxacin 400 mg IV ql2h 
plus metronidazole 500 mg IV q6h, or imipenem-cilastatin 500 mg IV q6h [92]. 
The study also evaluated whether ciprofloxacin/metronidazole therapy was 
effective when given PO once the patient was taking oral feedings. Clinical suc- 
cess rates were similar in all three arms of the study in both the intent-to-treat 
(82%, 84%, and 82%, respectively), and evaluable patients (84%, 86%, and 
81%, respectively) (Tab. 5). In the subset of patients who were randomized to 
sequential IV/PO therapy, the success rate among those randomized to 
ciprofloxacin/metronidazole PO was 96%, compared to 89% for those treated 
with ciprofloxacin/metronidazole IV, and 89% for those treated with imipenem- 
cilastatin IV. Thus, for complicated intraabdominal infections, treatment with 
ciprofloxacin plus metronidazole was equivalent to imipenem-cilastatin. 
Furthermore, in patients able to receive oral therapy, sequential IV to oral treat- 
ment with ciprofloxacin plus metronidazole was more cost-effective compared 
with full IV courses of ciprofloxacin plus metronidazole or imipenem-cilastatin 
[93]. Importantly, patient outcomes correlated significantly with their APACHE 
(Acute Physiology and Chronic Health Evaluation) scores (9.2 in the 
ciprofloxacin/metronidazole groups; 10.5 in the imipenem-cilastatin group), 
but did not differ between treatment groups with different pathogens isolated. 
However, the failure rate was higher in all treatment groups among those from 
whom enterococci were isolated than if they were not present (28% versus 
14%; p = 0.006). It is not clear whether these differences reflect limited effica- 
cy of the antibiotics against enterococcal infection, or whether the presence of 
enterococci was simply a marker for patients with more severe infection. 
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* difference significant compared to the comparison group (p < 0.05). 
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Trovafloxacin monotherapy 

In a similar study, 404 patients with complicated intraabdominal infection 
were randomized to receive either trovafloxacin IV/PO sequential therapy or 
imipenem-cilastatin IV 94 [95]. The clinical success rates, which again corre- 
lated with APACHE scores, were comparable in the two groups (83% versus 
84%), including the subgroup of patients from whom B. fragilis was isolated 
(97% versus 82%). The results of this study suggest that trovafloxacin may be 
used as monotherapy for mixed aerobic and anaerobic intraabdominal infec- 
tions. However, since the APACHE scores in the trovafloxacin and comparator 
groups were both relatively low (6.4 versus 7.0), reflecting the dominance of 
patients with appendicitis in the study population, the efficacy of trovafloxacin 
monotherapy in more severely ill patients remains to be determined. 

A similar regimen of trovafloxacin IV/PO sequential therapy was compared 
to intravenous cefotetan followed by amoxicillin-clavulanate PO for women 
with acute gynecologic infections (primarily puerperal endomyometritis) [96]. 
The overall clinical response rates were again comparable for the two regi- 
mens (90% versus 86%), and did not differ in the smaller subgroups of patients 
from whom Gram-negative aerobes. Gram-positive aerobes, and anaerobes 
were isolated. However, because of reports of liver failure associated with the 
drug, the FDA has issued an advisory to limit the use of trovafloxacin to com- 
plicated intraabdominal infections that are serious or life-threatening and are 
treated in hospital. 

Clinafloxacin monotherapy 

Clinafloxacin is another fourth generation fluoroquinolone with activity 
against facultative Gram-negative bacilli as well as aerobic Gram-positive 
cocci and obligate anaerobes [88]. A prospective, randomized, double-blind 
and controlled trial was conducted in 529 patients with complicated intraab- 
dominal infections, comparing clinafloxacin 200 mg IV ql2h with imipenem- 
cilastatin IV 500 mg q6h [97]. Patients with a wide range of infections were 
enrolled, with perforated or abscessed appendicitis being the most common 
(approximately 50%). The clinical cure rate was similar for the two groups 
both in the intent-to-treat (85% versus 81%) and evaluable (82% versus 80%) 
study populations. There were substantially more Gram-negative organisms 
recovered from the patients with treatment failure who were initially treated 
with imipenem-cilastatin compared with those treated with clinafloxacin 
(14/18 versus 5/15; p - 0.015). However, due to concerns of serious adverse 
effects including phototoxicity and hypoglycemia, clinafloxacin has been 
withdrawn by the manufacturer. 



Helicobacter pylori gastritis and peptic ulcer disease 

Although fluoroquinolones are generally active against Helicobacter pylori in 
vitro [4, 98], studies prior to 1995 have consistently demonstrated treatment 
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failure with ciprofloxacin, norfloxacin or ofloxacin in H. /jy/on-associated 
gastritis [99-101]. Furthermore, emergence of resistant strains during treat- 
ment has been reported [102]. Since the bactericidal activity of fluoro- 
quinolones is markedly reduced at acidic pH, Dresner et al. [103] investigated 
the efficacy of ciprofloxacin in eradicating H. pylori when administered in 
combination with omeprazole, a proton pump inhibitor that alters the gastric 
pH. Forty-four consecutive patients infected with H pylori were prospectively 
studied in a randomized, double-blind, controlled trial comparing 
ciprofloxacin with a placebo for 2 weeks (Tab. 6). Both treatment groups 
received bismuth and omeprazole. In 36 patients, follow-up endoscopy was 
performed 4 weeks after the cessation of all study drugs. Concurrent adminis- 
tration of omeprazole with ciprofloxacin cleared the H. pylori infection in 13 
of 17 patients (76%) compared to 5 of 19 (26%) in the placebo group 
(p < 0.01). Since then, a number of other studies have reported similar results 
when norfloxacin or levofloxacin was administered in combination with a pro- 
ton pump inhibitor with or without amoxicillin or tinidazole [104, 105] 
(Tab. 6). More recent studies have also reported markedly enhanced in vitro 
activity of the fourth generation fluoroquinolones against gastric biopsy iso- 
lates of H. pylori, particularly sitafloxacin, clinafloxacin, gatifloxacin and 
gemifloxacin compared to moxifloxacin, ciprofloxacin or levofloxacin [98, 
106]. Of particular interest is a new class of quinolones in which the funda- 
mental C-6 fluorine atom has been replaced by an amino or nitro group. These 
C-6 substituted quinolones are highly active against H. pylori even at acid pH 
[107]. Their safety profile and in vivo efficacy for H. py /on-associated gastri- 
tis and peptic ulcer disease remains to be determined. 



Research priorities over the next 5 years 

Based on the critical review of the clinical application of fluoroquinolones in 
gastrointestinal and intraabdominal infections summarized above, a number of 
research priorities in the near future are identified. These include: 

• The need for more comparative studies to evaluate the role of the fourth 
generation fluoroquinolones in the treatment of complicated intraabdominal 
infections is clearly evident and may represent an important new niche for 
this antibiotic class. Particular emphasis should be directed at elucidating 
the pharmacodynamic parameters which can predict clinical success of flu- 
oroquinolone therapy in patients with severe underlying disease in spite of 
high APACHE scores. Fluoroquinolones with broad spectrum in vitro activ- 
ity and in vivo efficacy similar to trovafloxacin and clinafloxacin, but with 
an improved safety profile, are greatly needed. 

• The role of fluoroquinolones in the treatment of acute biliary tract infec- 
tions, including acute cholangitis, should be further clarified. Host determi- 
nants that identify the high risk patient population who are most likely to 
benefit from antimicrobial therapy or prophylaxis should be elucidated. The 




Table 6. Clinical and bacteriologic responses to fluoroquinolones in the treatment of H. pylori gastritis and peptic ulcer disease 
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cost-effectiveness of single-dose oral fluoroquinolone prophylaxis for the 
prevention of Gram-negative sepsis and cholangitis following ERCP 
requires critical evaluation. 

• The development of newer fluoroquinolones with chemical modifications 
that improve their in vivo efficacy in the treatment of more chronic condi- 
tions such as H. pylori gastritis or the chronic S. typhi carrier state is strong- 
ly recommended. In vivo efficacy of the newly developed, acid-resistant C-6 
substituted quinolones, in which the fluorine atom is replaced by an amino 
or nitro group, in the treatment of enteric infections will be of particular 
interest. 

• The development of newer fluoroquinolones effective in eradicating C. jeju- 
ni both in dairy animals and in human disease, including those with high 
level resistance to currently available fluoroquinolones, is to be strongly 
encouraged. Future development of new fluoroquinolones should focus on 
chemical modifications that retard the selection for resistance. 

• The availability of newer fluoroquinolones with improved in vitro and in 
vivo activity against nosocomial Gram-positive bacteria, including methi- 
cillin-resistant and vancomycin resistant S. aureus or coagulase-negative 
staphylococci, and vancomycin-resistant enterococci (VRE) will be partic- 
ularly welcomed. 
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Introduction 

Upper respiratory tract infections are a frequent cause of illness. In children, 
acute otitis media (AOM) is the most common illness for which children 
receive medical attention. In adults, 20 million cases of bacterial sinusitis are 
reported yearly and the disease represents the fifth most common diagnosis for 
which an antibiotic is prescribed [1]. 

Pediatric acute otitis media and sinusitis and adult sinusitis share common 
etiological agents, the vast majority of bacterial infections being caused main- 
ly by Streptococcus pneumoniae, H. influenzae, Moraxella catarrhalis and 
Streptococcus pyogenes. While penicillins and aminopenicillins remain the 
first-line therapy for the majority of cases of pediatric upper respiratory tract 
infections, the increasing prevalence of penicillin-resistant and (3-lactamase- 
producing microorganisms required a re-evaluation of the traditional antimi- 
crobial strategies used in the treatment of upper respiratory tract infections in 
children. Some cephalosporins (particularly the second generation cefurox- 
ime-axetil and third generation ceftriaxone) represent valuable second-line or 
alternative first-line therapeutic options. 

This article reviews the available literature pertaining to the use of another 
group of antibiotics, the fluoroquinolones, in the treatment of upper respirato- 
ry tract infections. While broadly accepted for the treatment of many infec- 
tions, as a result of their favorable pharmacokinetic properties, high antimi- 
crobial activity and low incidence of adverse effects, their limited activity 
against S. pneumoniae and methicillin-resistant Staphylococcus aureus has 
caused reluctance in using these compounds for the treatment of respiratory 
tract infections. The new fluoroquinolones, by exhibiting greater potency than 
the older ones ( ciprofloxacin and ofloxacin) against Gram-positive cocci and 
particularly against S. pneumoniae, represent today a valuable choice for the 
treatment of respiratory tract infections. 

There is only limited experience with the use of fluoroquinolones in the 
treatment of acute nonresponsive/recurrent AOM and in chronic suppurative 
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Otitis media but there is no pediatric experience with these compounds in 
sinusitis. A section in this chapter will review the experience accumulated with 
the use of fluoroquinolones in the treatment of sinusitis in adults. 



Quinolones in pediatrics 

Quinolone usage in children has been limited following the observation of 
arthrotoxicity in juvenile animals [2]. This phenomenon has been initially 
described with nalidixic acid [3]. The arthropathy evolves within days to 
weeks of drug administration and is characterized by typical histopathological 
lesions: fluid-filled blisters, fissures, erosions, and clusters of chondrocytes. 
These lesions are associated with noninflammatory joint effusions, and it is 
hypothesized that the effect of quinolones in some animal species may reflect 
inhibition of mitochondrial DNA replication in immature chondrocytes. 
Ironically, the drug with the greatest arthropathic effect in animals, nalidixic 
acid, is the only one approved for use in children and has proved to be well tol- 
erated in this population [4]. 

While a clear-cut species and drug differences in quinolones effect on car- 
tilage exists, the only evidence of any arthropathy in prepubertal humans was 
manifested by infrequent joint complaints occurring among pediatric patients 
(mainly- [60%] -in adolescent patients with cystic fibrosis, in whom arthropa- 
thy may also occur without administration of fluoroquinolones) who were fol- 
lowed after treatment with fluoroquinolones [5]. 

Overall, arthralgia occurred during 31/2030 (1.5%) ciprofloxacin oral or 
intravenous ciprofloxacin treatments of 1795 children, an adverse event pattern 
that was similar to that seen in adults; the majority were of mild to moderate 
intensity and resolved without intervention. A comprehensive review of 3 1 pre- 
vious reports showed no quinolone-associated arthropathy in over 7,000 chil- 
dren and adolescents who received ciprofloxacin, ofloxacin or nalidixic acid [6]. 



Acute otitis media 

More than 24 million cases of acute otitis media (AOM) are seen annually in 
the US and the number of cases has increased substantially during the last two 
decades [7]. The disease can be met already early in life and at 1 year of age 
about 75% of children will have developed at least one AOM episode [8]. The 
rate of recurrent AOM episodes has also increased from 18% of all AOM cases 
in 1981 to 26% in 1988 [9]. AOM represents today the main reason for antimi- 
crobial therapy and for surgery in the pediatric population in the United States 
[7]. Although antibiotic therapy is required in only 20-30% of all cases of 
AOM, most of the patients are treated with antibiotics since this small propor- 
tion cannot be quickly and easily identified, and thus antibiotics are the stan- 
dard of care for the treatment of AOM in the US and many other countries [9]. 
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Antibiotic resistance 

By using appropriate microbiologic detection techniques, pathogenic bacteria 
may be recovered from the MEF of up to 70-90% of patients with AOM [10]. 
The main bacterial causes of AOM are Streptococcus pneumoniae, non- typ- 
able Haemophilus influenzae and Moraxella catarrhalis [11]. Streptococcus 
pneumoniae causes 30-40% of all cases of AOM and is the least likely to 
resolve without treatment [12]. A dramatic emergence of multiple-drug resist- 
ant S. pneumoniae has been reported all over the world [11, 12]. A substantial 
amount of cross-resistance exists between macrolides, trimethoprim-sul- 
famethoxazole (TMP/SMX) and penicillin. 

Most of the oral cephalosporins, with the exception of cefuroxime-axetil, 
cefpodoxime-proxetil and cefprozil are not active against penicillin-intermedi- 
ate and resistant strains of S. pneumoniae. Among intravenous cephalosporins, 
ceftriaxone and cefotaxime have the lowest MICs, but high-level resistance of 
S. pneumoniae to these agents has been reported [11, 12]. Streptococcus pneu- 
moniae is either very sensitive or highly resistant to macrolides (including 
erythromycin, azithromycin and clarithromycin) and TMP/SMX [11, 12]. 

Haemophilus influenzae causes 30-35% of all cases of AOM and only 
5-10% belong to serotype b, the remaining usually being untypable. Between 
15 to 50% of H. influenzae isolates produce |3-lactamase. Moraxella 
catarrhalis is recovered in 5-10% of cases of AOM and >90% of the strains 
are p-lactamase producers. 

In a recent multinational study on the prevalence of antimicrobial-resistant 
pathogens in MEF during 1994-1995 in the United States, Central and Eastern 
Europe and Israel, 30% of S. pneumoniae isolates were intermediately or fully 
resistant to penicillin while 31% and 100%, respectively, of the H. influenzae 
and M. catarrhalis isolates were p-lactamase producers [13]. 

In southern Israel, a major increase in antibiotic-resistance was observed 
among S. pneumoniae isolated from MEF of patients with AOM [10]. While 
10% of S. pneumoniae strains were non- susceptible to penicillin 
(MIC > 0.1 pg/ml) in 1992, their number rose to 58% in 1998 and 71% in 
1999. Forty-two percent of these pneumococcal isolates were also resistant to 
second generation cephalosporins. The resistance to macrolides rose from 3% 
to 14% and the resistance to TMP-SMX from 13% to around 50%. The resist- 
ance of S. pneumoniae to three antibiotic classes (multi-drug resistance) rose 
from 1% only in 1992 to 17% in 1999. The resistance of H. influenzae to TMP- 
SMX was around 30% during 1998 [10]. 



Current recommendations for the management of acute otitis media 

In general, antibiotics have to be administered if AOM is diagnosed in infants 
and young children with recurrent AOM, in those with structural or immuno- 
logic abnormalities and in those patients who are severely ill. Older children 
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(>2 years age), patients without fever and those with minimal clinical signs 
may be managed without antibiotics, but a follow-up evaluation is required 
24-72 h after initiation of treatment. 

The Drug-resistant S. pneumoniae Therapeutic Working Group of the CDC 
has recently published new guidelines for the antibiotic treatment of AOM in 
the present era of pneumococcal resistance [14]. According to these guide- 
lines, amoxicillin (40-50 mg/kg/day or the high dosage of 70-90 mg/kg/day) 
represents the first-line treatment of choice for AOM (Fig. 1). 

The three second-line antibiotic drugs recommended at present time for 
clinical failures are: 1) amoxicillin/clavulanate (the 45 mg/kg/day amoxicillin 
dose or in the future the 90 mg/kg/day dose) for 10 days; 2) cefuroxime-axetil 
(30 mg/kg/day) for 10 days; 3) intramuscular ceftriaxone (50 mg/kg/day) for 
3 days. 



I. FIRST-LINE THERAPY 

1 ) Arnoxidliin 50 mg/kg/day for !0 days: 

- empiric treatment of first episode of AOM 

- empiric treatment of AOM in older children (>2 years of age) 

“ empiric treatment of AOM areas with low prevalence of pneumo- 
coccal penicillin resistance 

2) Amoxicillin 80-90 mgAg/dayfor JO days: 

- empiric treatment of AOM in areas with high prevalence of 
pneumococcal penicillin resistance 

- empiric treatment of AOM in young children (<2 years of age) 

3) ^-lactam stable drugs for 10 days: 

- empiric treatment of AOM in neonates 

- empiric treatment of AOM in immunocompromized patients 

- empiric treatment of AOM in area with high prevalence of p-lacta- 
mase producing organisms 

II. SECOND -LINE THERAPY* 

IJ Amoxicillin/clavulanate {high dose) for 10 days 

2) Cefuroxime axeril (30 mg/kg/day) for 10 days 

3) IM Ceftriaxone (50 mg/kg/day) for 3 days 

* therapeutic failure considered not before 72 h of first-line therapy; diag- 
nostic and therapeutic tympanocentesis and MEF culture recommended 
before initiation of second- line therapy. 



Figure 1 . The antibiotic management of acute otitis media in the era of antibiotic-resistant S. pneu- 
moniae 
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N on-responsive acute otitis media 

Non-responsive AOM, defined as persistence of both clinical and otoscopic 
findings of tympanic membrane inflammation after 48-72 h of antibiotic ther- 
apy, occurs in >10% of children treated with antibiotics. Contributory factors 
to the development of this entity are low age of patients, presence of mixed 
bacterial and viral infection, a history of recurrent episodes of AOM, repeated 
previous courses of antibiotic therapy and daycare center attendance. S. pneu- 
moniae, and particularly the resistant strains, are found significantly more fre- 
quently in the MEF of children with non-responsive AOM and/or having recur- 
rent episodes of AOM [15]. 

Recent studies demonstrated a high correlation between antibiotic-resistant 
S. pneumoniae strains and the treatment failures: only 14-21% S. pneumoniae 
isolated from patients with non-responsive AOM were susceptible to the 
antibiotic drug previously prescribed [15]. 

Today, only three second-line drugs are considered as appropriate for the 
treatment of non-responsive AOM: amoxicillin/clavulanate, cefuroxime-axetil 
or intramuscular ceftriaxone [14]. Cefaclor, cefixime, loracarbef, ceftibuten, 
azithromycin and TMP/SMX can no longer be recommended for the empiric 
treatment of non-responsive AOM [14]. 



New fluoroquinolones in the treatment of acute otitis media 

There is no place for fluoroquinolones in the therapy of simple uncomplicated 
AOM. However, the paucity of the therapeutic armamentarium in the treatment 
of persistent/non-responsive/recurrent AOM makes the search for alternative 
therapeutic options imperative. The only new fluoroquinolone studied at the 
present time in the treatment of complicated AOM is gatifloxacin. This new 
fluoroquinolone has an excellent activity against the three main pathogens 
causing AOM (MIC90 of 0.5, < 0.03 and < 0.03 pg/ml, respectively, against 5 . 
pneumoniae, H. influenzae and M. catarrhalis, respectively) [16]. In addition, 
susceptibility of S. pneumoniae for gatifloxacin was unchanged with peni- 
cillin-resistant strains and the drug was shown less frequently to select drug- 
resistant mutants from wild-type S. pneumoniae compared to other marketed 
quinolones [17, 18]. 

Leibovitz et al. [19] recently reported on the bacteriologic and clinical effi- 
cacy and safety of gatifloxacin oral suspension (10 mg/kg once daily for 10 
days) in the treatment of 130 infants and young children aged 6-48 months 
(median age 1 1 months, 66 < 1 year age) with recurrent/non-responsive AOM. 
One hundred and seven (82%) patients completed the treatment with an over- 
all bacteriologic and clinical efficacy of 97% and 98%, respectively. All S. 
pneumoniae, H. influenzae and M. catarrhalis isolates were sensitive to gati- 
floxacin. The adverse events rate was low (12%) and included mild and tran- 
sient neutropenia (5%), vomiting (3%) impaired liver function tests (2%), and 
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diarrhea, thrombocytopenia and rash (1% each), without any articular event 
during therapy and a 3-week follow-up period. 

Dagan et al. [20] analyzed the dynamics of nasopharyngeal pneumococcal 
carriage in the same 130 infants and young children during and after gati- 
floxacin therapy. They reported that the gatifloxacin therapy reduced the 
nasopharyngeal pneumococcal carriage rate from 69% at enrollment (all sen- 
sitive to gatifloxacin, MIC < 0.5 pg/ml) to 33% on day 4-6 of therapy. 
However, the initial nasopharyngeal pneumococcal colonization rates were re- 
gained on day 12-14 (58%) and the rates peaked to above pre-treatment val- 
ues (84%) on day 22-30 following initiation of therapy. The susceptibility pat- 
terns to gatifloxacin of the S. pneumoniae isolates before, during and after 
completion of therapy were similar. In contrast, non- susceptibility to penicillin 
(61%), TMP/SMX (48%) and erythromycin (13%) was lower on day 22-30 
than before initiation of gatifloxacin therapy [20]. 

Arguedas et al. [21] enrolled 254 children with recurrent/non-responsive 
AOM (aged 6 months-7 years) with gatifoxacin oral suspension 
10 mg/kg/once daily for 10 days and reported on clinical outcome of the 173 
evaluable for analysis patients at 4-7 days after the last dose of the drug. The 
cure (defined as resolution of pain and tympanic membrane bulging and no 
additional prescription of antibiotics) rate in the evaluable patients was 87% 
(91% for those patients in whom S. pneumoniae was isolated at enrollment). 
The most frequent drug-related adverse events were vomiting (15%) and diar- 
rhea (5%). There have been no reports of arthropathy. 

These preliminary results showed that gatifloxacin was highly efficacious 
and safe in the therapy of recurrent/non-responsive AOM in children. 
However, this drug should be used with caution in the future in order to restrict 
the selection pressure on various bacterial populations. In addition, compara- 
tive studies with other antibiotic drugs in common use in the therapy of AOM 
are warranted. 



Acute otitis media in adults 

Otitis media is infrequent in adults, but the bacteriology and therapy are simi- 
lar to those in children [22]. No information is available in the English med- 
ical literature regarding the use of fluoroquinolones in the treatment of AOM 
in adults. 



Chronic suppurative otitis media 

Chronic suppurative otitis media is defined as chronic inflammation of the 
middle ear and mastoid with a non-intact tympanic membrane and otorrhea. 
The yearly incidence of the disease is -39/100,000 in children and 1.5% in 
adults [23, 24]. The most common organisms isolated from the middle ear 
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fluid of children suffering from this condition include P. aeruginosa, S. aureus, 
S. epidermidis, viridans streptococci and S. pneumoniae [23-25]. 

The initial management of chronic suppurative otitis media includes thor- 
ough aural cleaning and administration of ototopical agents. The ototopical 
agents most commonly used are polymyxin B-neomycin-hydrocortisone and 
gentamycin ophthalmic drops [25]. The potential ototoxicity of these com- 
pounds created the need to look for alternative therapeutic options. Ofloxacin 
otic solution was found to be also efficacious in the treatment of this condition 
and is approved for use in children 12 years of age and older [25, 26]. 
Recently, the Cochrane systematic review of interventions in chronic otitis 
media showed that quinolone ear drops are more effective than non-quinolone 
ones both in reducing discharge and in eradicating bacteria [27]. 

Oral ciprofloxacin (30 mg/kg/day in two daily doses for 10 to 25 days) was 
used in 21 patients aged 22 months to 14 years who had failed conventional 
therapy for otitis; P. aeruginosa was isolated in 86% [28]. Suppuration disap- 
peared in 86% of patients after a mean of 9.7 days, but three cases of failure 
with development of resistance to ciprofloxacin were documented. Relapse of 
disease occurred in 39% patients during a 16-month follow-up. Normal growth 
and no arthropathy were demonstrated during a follow-up period of 29 to 42 
months. 



Malignant external otitis 

Although not an upper respiratory infection per se, this entity is often 
addressed when reporting on the therapeutic approach to these conditions. 
Invasive (malignant) otitis externa is a severe necrotizing infection caused 
exclusively by P aeruginosa which spreads form the squamous epithelium of 
the ear canal to adjacent areas of soft tissue, blood vessels, cartilage and bone. 
Combination therapy consisting of an antipseudomonal agent (ceftazidime, 
ticarcillin of piperacillin) plus an aminoglycoside is the treatment of choice for 
this condition. Oral ciprofloxacin was also found efficacious when started 
early in the treatment of malignant external otitis [29]. 



Acute bacterial rhinosinusitis 

Acute bacterial rhinosinusitis is a complication of viral upper respiratory 
infections in 0.5 to 2.0% of cases. In studies using antral sinus puncture or 
rhinoscopic middle meatal cultures, the bacterial species accounting for the 
majority of cases in both children and adults include S. pneumoniae (20-40%, 
of which up to 28-40% are nonsusceptible to penicillin), H. influenzae 
(20-30%) and M. catarrhalis (2-10%) and, to a lesser extent, S. pyogenes, 
other a-hemolytic streptococci, S. aureus, anerobic bacteria or fungi [30, 31]. 
Nosocomial sinusitis has been most often associated with S. aureus, P aerug- 
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inosa, Seratia marcescens, K. pneumoniae, Enterobacter spp and P. mirabilis 
and is often polymicrobial [31]. 

The antimicrobial therapy for acute rhinosinusitis is usually empirical. 
There is no published experience with the use of fluoroquinolones in the treat- 
ment of rhinosinusitis in children. 

While ciprofloxacin has already been proven as efficacious as cefuroxime 
axetil in the treatment of acute rhinosinusitis in the community [32], its inferi- 
or activity against Gram-positive pathogens and particularly against S. pneu- 
moniae are limiting factors in considering its use in the treatment of the dis- 
ease in adults. Present recommendations for initial therapy of mild-moderate 
disease in adults who did not receive antibiotics during the previous 4-6 weeks 
include the use of new fluoroquinolones as first-line option in those patients 
allergic or intolerant to P-lactams. Recommendations for initial therapy in 
adults with moderate disease who have received antibiotics in the previous 4-6 
weeks include levofloxacin, gatifloxacin, moxifloxacin, amoxicillin/clavu- 
lanate or combination therapy [32]. Levofloxacin and gatifloxacin were proven 
in recent studies as identical to clarithromycin and amoxicillin/clavulanate in 
terms of bacteriological efficacy and clinical outcome in adult patients with 
acute rhinosinusitis and received FDA approval for this indication [33-37]. 

Approximately 5-10% of cases of acute sinusitis do not improve (bacterio- 
logically and clinically) after a course of antimicrobial therapy and develop 
chronic sinusitis. Limited information is available on the etiology of this enti- 
ty and it seems that the pathogens recovered from sinus aspirates in patients 
with chronic sinusitis and their susceptibility patterns to the antibiotics admin- 
istered are not different than those isolated in the acute form of this disease 
[38]. The commonly used therapeutic approach in the management of chronic 
sinusitis relies on additional courses of antimicrobials, sinus aspirates, 
intranasal or oral steroids and consideration of sinus surgery. The only fluoro- 
quinolone evaluated in the treatment of chronic sinusitis was ciprofloxacin. In 
a double-blind comparison between ciprofloxacin and amoxicillin/clavulanic 
acid in 215 adults with chronic sinusitis, the reported clinical and bacteriolo- 
gocal cure rates were 58.6% versus 51.2% and 88.9% versus 90.5%, respec- 
tively, in addition to better tolerability rates (mainly related to a larger number 
of gastrointestinal adverse event in the amoxicillin/clavulanic acid group) for 
the ciprofloxacin-treated patients [39]. 



References 



1 McCraig LF, Hughes JM (1995) Trends in antimicrobial drug prescription among office-based 
physicians in the United States. JAMA 273: 214-219 

2 Hooper DC, Wolfson JS (1991) Fluoroquinolone antimicrobial agents. New England J Med 324: 
384-394 

3 Norrby SR (1991) Side-effects of quinolones: comparison between quinolones and other antibi- 
otics. Eur J Clin Microbiol Infect Dis 10: 378-383 

4 Nuutinen M, Turtinen J, Uhari M (1994) Growth and joint symptoms in children treated with 




The quinolones in otitis media and upper respiratory infections 



175 



nalidixic acid. Pediatr Infect Dis 7 13: 798-800 

5 Hampel B, Hullmann R, Schmidt H (1977) Ciprofloxacin in pediatrics: worldwide clinical expe- 
rience based on compassionate use-safety report. Pediatr Infect Dis 716: 127-129 

6 Burkhardt JE, Walterspiel JN, Schaad UB (1997) Quinolone arthropathy in animals versus chil- 
dren. Clin Infect Dis 25: 1196-1204 

7 Faden H, Duffy L, Boeve M (1998) Otitis media: back to basics. Pediatr Infect Dis 7 17: 
1105-1113 

8 Lanphear BP, Byrd RS, Awinger P, Hall CB (1997) Increasing prevalence of recurrent acute otitis 
media among children in the United States. Pediatrics 99(3): El 

9 Kaleida PH, Casselbrandt ML, Rockette HE et al (1991) Amoxicillin or miringotomy or both for 
acute otitis media: results of a randomized clinical trial. Pediatrics 87: 466-474 

10 Dagan R (2000) Clinical significance of resistant organisms in otitis media. Pediatr Infect Dis 7 
19: 378-382 

1 1 Appelbaum PC (1992) Antimicrobial resistance in Streptococcus pneumoniae: an overview. Clin 
Infect Dis 15: 77-83 

12 Jacobs MR (1996) Increasing importance of antibiotic-resistant Streptococcus pneumoniae in 
acute otitis media. Pediatr Infect Dis 715: 940-943 

13 Jacobs MR, Dagan R, Appelbaum PC, Burch DJ (1998) Prevalence of antimicrobial-resistant 
pathogens in middle ear fluid: multinational study of 917 children with acute otitis media. 
Antimicrob Agents Chemother 42: 589-595 

14 Dowell SF, Butler JC, Giebink SG et al (1999) Acute otitis media: management and surveillance 
in an era of pneumococcal resistance- a report from the Drug-resistant Streptococcus pneumoniae 
Therapeutic Working Group. Pediatr Infect Dis 7 18: 1-9 

15 Leibovitz E, Raiz S, Piglansky L et al (1998) Resistance pattern of middle ear fluid isolates in 
acute otitis media recently treated with antibiotics. Pediatr Infect Dis 7 17: 463-469 

16 Perry CM, Barman Balfour JA, Lamb HM (1999) Gatifloxacin. Drugs 58: 683-696 

17 Hoelmann DB, Lin G, Jacobs MR, Appelbaum PC (1999) Antipneumococcal activity of gati- 
floxacin compared with other quinolone and non-quinolone agents. J Antimicrob Chemother 43: 
645-649 

18 Fukuda H, Hiramatsu K (1999) Primary targets of fluoroquinolones in Streptococcus pneumoni- 
ae. Antimicrob Agents Chemother 43: 410-412 

19 Leibovitz E, Piglansky L, Raiz S et al (2001) Bacteriological efficacy of gatifloxacin in the treat- 
ment of recurrent/non-responsive acute otitis media. In: Program and abstracts of the 41st 
Interscience Conference on Antimicrobial Agents and Chemotherapy, December 16-19, 2(X)1, 
Chicago, MI (abstract 1558a) 

20 Dagan R, Piglansky L, Greenberg D et al (2001) Dynamics of nasopharyngeal pneumococcal car- 
riage in children with recurrent and non-responsive acute otitis media treated with gatifloxacin. In: 
Program and abstracts of the 41st Interscience Conference on Antimicrobial Agents and 
Chemotherapy, December 16-19, 2001, Chicago, MI (abstract G-1825) 

21 Arguedas A, Sher L, Lopez E, Saez-Llorens X, Skuba K, Pierce P (2001) Gatifloxacin treatment 
of recurrent/non-responsive acute otitis media. In: Program and abstracts of the 41st Interscience 
Conference on Antimicrobial Agents and Chemotherapy, December 16-19, 2001, Chicago, MI 
(abstract 1534) 

22 Celin S, Bluestone C, Stephenson J et al (1991) Bacteriology of acute otitis media in adults. JAMA 
266: 2249-2252 

23 Fliss DM, Shoham I, Leiberman A, Dagan R (1991) Chronic suppurative otitis media without 
cholesteatoma in children in Southern Israel. Pediatr Infect Dis J 10: 895-899 

24 Hiss DM, Dagn R, Meidan N, Leiberman A (1992) Aerobic bacteriology of chronic suppurative 
otitis media without cholesteatoma in children. Ann Otol Rhinol Laryngol 101: 866-869 

25 Sabella C (2000) Mangement of otorrhea in infants and children. Pediatr Infect Dis 7 19: 
1007-1008 

26 Ghosh S, Panarese A, Parker AJ, Bull PD (2000) Quinolone ear drops for chronic otitis media. 
They are safer and more effective than aminoglycosides. BMJ 321: 126-127 

27 Acuin J, Smith A, Me Kenzie I (1999) Interventions for chronic suppurative otitis media. In: 
Cochrane Collaboration. Cochrane Library. Issue 4. Oxford: Update Software 

28 Lang R, Goshen S, Raas-Rothschild A, Raz A, Ophir D, Wollach B, Berger I (1992) Oral 
ciprofloxacin in the management of chronic suppurative otitis media without cholesteatoma in 
children: preliminary experience in 21 children. Pediatr Infect Dis 711: 925-929 




176 



E. Leibovitz and R. Dagan 



29 Gehanno P (1994) Ciprofloxacin in the treatment of malignant external otitis. Chemotherapy 40; 
35-40 (suppl 1) 

30 Wald ER (1998) Microbiology of acute and chronic sinusitis in children and adults. Am J Med Sci 
316: 13-20 

31 (2000) Sinus and Allergy Health Partnership. Antimicrobial treatment guidelines for acute bacte- 
rial rhinosinusitis. Otolaryngol Head Neck Surg 123: S4-32 

32 Weiss M, Hendrick K, Tillotson G, Gravelle K, the Rhinosinusitis Investigation Group (1998) 
Multicenter comparative trial of ciprofloxacin versus cefuroxime axetil in the treatment of acute 
rhinosinusitis in a primary care setting. Clin Therap 20: 921-931 

33 Syndor TA, Kopp EJ, Anthony KE, LoCoco JM, Kim SS, Fowler CL (1998) Open-label assess- 
ment of levofloxacin for the treatment of acute bacterial sinusitis in adults. Ann Allergy Asthma 
Immunol 80: 357-362 

34 Adelgass J, Jones TM, Ruoff G et al (1998) A multicenter, investigator-blinded, randomized com- 
parison of oral levofloxacin an oral clarithromycin in the treatment of acute bacterial sinusitis. 
Pharmacotherapy 18: 1255-1263 

35 Adelglass J, DeAbate CA, McElvaine P, Fowler CL, LoCocco J, Campbell T (1999) Comparison 
of the effectiveness of levofloxacin and amoxicillin-clavulanate for the treatment of acute sinusi- 
tis in adults. Otolaryngol Head Neck Surg 120; 320-327 

36 Sisniega J, Jones RW, Kaminszczik G et al (1999) Treating acute, uncomplicated bacterial sinusi- 
tis with gatifloxacin. J Resp Dis 20: SI 1-16 

37 Fogarty C, McAdoo MA, Paster RZ, Martel AY, Macko AC, Breen J (1999) Gatifloxacin versus 
clarithromycin in the management of acute sinusitis. J Resp Dis 20: S23-29 

38 Winther B, Vickery CL, Gross CW, Hendley JO (1996) Microbiology of the maxillary sinus in 
adults with chronic sinus disease. AmJRhinol 10: 347-350 

39 Legent F, Bordure P, Beauvillain C, Berche P (1994) A double-blind comparison of ciprofloxacin 
and amoxycillin/clavulanic acid in the treatment of chronic sinusitis. Chemotherapy 40 suppl 1 : 
8-15 




Fluoroquinolone Antibiotics 

ed. by A.R. Ronald and D.E. Low 

© 2003 Birkhauser Verlag/Switzerland 



177 



Quinolones in pneumonia 

Thomas J. Marrie 

Department of Medicine University of Alberta, 2F1.30 Walter C. Mackenzie Health Sciences Center, 
6440 112th Street, Edmonton, Alberta, Canada, T6H2B7 



Pneumonia is an infectious process involving the alveoli and distal airways. It 
can be divided into three entities based upon the site of acquisition of the pneu- 
monia - community; nursing home; nosocomial. 



Community-acquired pneumonia 

In order to understand the role of quinolones in the treatment of community- 
acquired pneumonia (CAP) it is necessary to understand the entity of CAP. 
Pneumonia is a common and often a serious illness. It is the sixth leading 
cause of death in the United States. About 600,000 persons are hospitalized 
with pneumonia each year and there are 64 million days of restricted activity 
due to this illness [1, 2]. Pneumonia has a clinical spectrum that ranges from 
mild severity to critical illness. The overall mortality rate for patients with 
CAP who require admission to hospital is 8% [3]. About 80% of adults with 
CAP are treated on an ambulatory basis. 



Etiology of community -acquired pneumonia 

Streptococcus pneumoniae is the most common cause of community-acquired 
pneumonia [4], accounting for about 50% of all cases [4]. Chlamydia pneu- 
moniae, Haemophilus influenzae, aerobic Gram-negative bacilli, 
Staphylococcus aureus, Legionella pneumophila as well as other Legionella 
species, and Mycoplasma pneumoniae, are other causes of pneumonia. Indeed, 
over 100 microbial agents cause pneumonia. Inspite of this the etiology of 
pneumonia is established in only 40% to 50% of patients in research studies 
and in even fewer in everyday practice. Most patients who are treated for pneu- 
monia in a physician’s office have no studies done to determine the etiology of 
the pneumonia. Thus most antibiotic therapy for CAP is empirical. To aid the 
practitioner in choosing such therapy guidelines have been issued from the 
Canadian Infectious Diseases Society [5], the Infectious Diseases Society of 
America [6] and the American Thoracic Society [7]. For the first time both the 
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CIDS and IDSA guidelines recommend a respiratory fluoroquinolone (lev- 
ofloxacin, moxifloxacin, gatifloxacin) for the treatment of adults with CAP 
admitted to hospital for treatment. In addition the CIDS guidelines [5] recom- 
mend a respiratory fluoroquinolone for adults with complicated ambulatory 
pneumonia (those with chronic obstructive pulmonary disease who have had 
antibiotic therapy and or oral corticosteroid therapy within the past 3 months). 
It is worth noting that a panel of experts convened by the Centers for Disease 
Control recommended that the new fluoroquinolones be limited to adults for 
whom other regimens have failed; those who are allergic to alternative agents 
or who have a documented infection with highly drug resistant pneumococci, 
e.g., penicillin MIC > 4 mg/L [8]. Another factor that has impacted on the 
choice of antibiotic therapy for ambulatory pneumonia is the prevalence of 
penicillin and macrolide resistant S. pneumoniae in the community. 



Why are the respiratory fluoroquinolones appropriate agents for the 
treatment of CAP ? 

The respiratory fluoroquinolones are active against penicillin and macrolide 
resistant S. pneumoniae [9, 10]. They are also active against most of the other 
microbial agents that cause CAP including - S. aureus, H. influenzae, M. 
catarrhalis, C. pneumoniae, L. pneumophila, Legionella species, M. pneumo- 
niae, and most aerobic Gram-negative bacilli [10]. Both moxifloxacin and gat- 
ifloxacin are active against anaerobic bacteria [11, 12]. Peptostreptococci and 
most Prevotella and Fusobacterium spp. were inhibited by gatifloxacin at 
< 1 mg/L in a US study while higher values < 25 mg/L were noted in a 
Japanese study [1 1]. This antibiotic is also active Bacteroides spp. [1 1]. 

Moxifloxacin inhibited 90% of 410 clinically important anaerobic bacterial 
strains at 2 mg/L [12]. Clostridium, Fusobacterium, Eubacterium, Prevotella 
and Peptostreptoccus spp., Propionibactrium acnes and some Bacteroides spp. 
were susceptible (MIC 90 < 2 mg/L [12]). Ciprofloxacin is still the quinolone 
of choice for the treatment of pneumonia due to Pseudomonas aeruginosa. As 
a group the new so-called respiratory fluoroquinolones agents (levofloxacin, 
moxifloxacin, gatifloxacin) are well absorbed, ranging from 72% to 99% [10] 
and achieve high concentrations in bronchial mucosa, epithelial lining fluid 
and alveolar macrophages [9]. 



Results of treatment of CAP with respiratory fluoroquinolones 

Antibiotic therapy is only one aspect of the treatment of CAP. Prompt diagno- 
sis and attention to comorbidities and complications of pneumonia are essen- 
tial for the successful management of the patient with CAP. Meehan et al. [13] 
carried out a retrospective multicenter cohort study of those >65 years of age 
presenting to emergency rooms with CAP using Medicare National Claims 
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History File from October 1, 1994 through September 30, 1995. Just over 75% 
of patients received antibiotics within 8 h of presenting at the emergency room. 
A significantly lower 30-day mortality rate was observed for those who 
received antibiotic therapy within 8 h of presentation. 

Gleason et al. [14] reviewed the hospital records of 12,945 Medicare 
patients hospitalized for treatment of CAP and found that initial therapy with 
a second or third-generation cephalosporin plus a macrolide or a fluoro- 
quinolone alone (the fluoroquinolones used were ciprofloxacin or ofloxacin) 
was associated with a lower 30-day mortality when compared with a non- 
pseudomonal third - generation cephalosporin alone. The combination of a 
beta-lactam/beta-lactamase inhibitor plus a macrolide and an aminoglycoside 
plus another agent was associated with an increased 30-day mortality. 

Ball [9] reviewed 14 trials of new fluoroquinolones in the management of 
CAP. In only two of these trials a statistically significant difference in favor of 
the quinolone over the comparator was demonstrated. In one of these trials, 
File et al. [15] compared intravenous with stepdown to oral levofloxacin (or 
oral levofloxacin alone) vs IV ceftriaxone and/or oral cefuroxime with or with- 
out erythromycin. Ninety-six percent (217/226) of the levofloxacin treated 
subjects vs 90% (207/230) of the comparator treated patients demonstrated 
clinical success; the bacteriologic efficacy or eradication rates were 98% 
(125/128) for the levofloxacin treated patients vs 85% (122/144) for the com- 
parator treated patients. In the trovafloxacin vs amoxicillin trial, 125/138 
(91%) of the trovafloxacin treated patients vs 119/147 (81%) of the amoxi- 
cillin treated patients demonstrated clinical success (p = 0.01) [16]. Because of 
data showing an association with serious liver damage trovafloxacin is recom- 
mended only for patients with serious and life- or limb-threatening infections 
[17]. Indeed, in the review by Ball, 10 of the 14 trials reviewed involved 
trovafloxacin and grepafloxacin (no longer available, and sparfloxacin, which 
is not available in Canada). Two of the trials cited in Ball’s review involve 
moxifloxacin vs amoxicillin or clarithromycin. In the moxifloxacin vs amoxi- 
cillin trial 136/159 (86%) of the moxifloxacin treated patients demonstrated 
clinical success at the end of study vs 138/169 (82%). Bacteriologic eradica- 
tion rates were 63/70 (90%) vs 65/78 (83%). In the moxifloxacin vs clar- 
ithromycin trial the clinical success rates were 97% (107/110) for moxi- 
floxacin and 95% (105/110) for clarithromycin. The bacteriologic eradication 
rates were not stated. Gatifloxacin resulted in cure of 95% of 184 patients with 
mild, moderate or severe CAP compared with 93% of 188 clarithromycin 
treated patients [18] and similar results were obtained in a trial of gatifloxacin 
vs intravenous ceftriaxone with stepdown to oral clarithromycin in patients 
with CAP requiring hospitalization [19]. 

Marrie et al. [20] conducted a randomized trial of a critical pathway for the 
treatment of CAP vs conventional management. The critical pathway consist- 
ed of a clinical prediction rule to guide the admission decision, levofloxacin 
therapy, and practice guidelines for switch from intravenous to oral lev- 
ofloxacin and a discharge guideline. Nine hospitals were randomized to the 
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pathway and 10 to conventional management. An intention to treat analysis 
was used. In 6 months 1743 patients were enrolled in the study, 795 in the 
intervention arm and 948 in the conventional treatment arm. Pathway use was 
associated with a 1.7 day reduction in the bed days per patient managed (4.4 
vs 6.1 days; p = .04). Although inpatients at critical pathway hospitals had 
more severe disease, they required 1.7 fewer days of intravenous therapy (4.6 
vs 6.3 days; p = 0.1) and were more likely to receive treatment with a single 
class of antibiotic (64% vs 27%; p < .001). Patients from this study were fol- 
lowed up at 2 and 6 weeks to determine factors that predicted resolution of 
symptoms [21]. Logistic regression analysis identified younger age, absence 
of asthma or chronic obstructive pulmonary disease, and levofloxacin treat- 
ment as significant predictors of symptom resolution. 



Better and bigger trials are needed 

Why do so many of the studies cited in this chapter show similar but very good 
outcomes for the antibiotic under investigation and for the comparator agent? 
Most of the patients included in these trials are only mildly to moderately ill. 
The sample sizes are generally too small to show a difference in cure rates, i.e., 
they are designed to show equivalency. It is also likely that the incorrect out- 
comes are being measured. Time to return to work and time to return to usual 
activities as well as the time to resolution of symptoms are measures that 
should be incorporated into future studies of community-acquired pneumonia. 
Studies of patients with acute exacerbation of chronic bronchitis have begun to 
use time to resolution of symptoms as an outcome measure. In this setting 40% 
of the patients treated with a quinolone, moxifloxacin, reported symptom relief 
within 3 days of starting therapy compared with 24% of patients treated with 
azithromycin (p = 0.03) [22]. Another important consideration is that these tri- 
als do not allow us to evaluate the impact of resistance because patients with 
pneumonia due to a resistant microorganism to the study agent and its com- 
parator are excluded. 



Resistance to fluoroquinolones 

The new fluoroquinolones have been a significant advancement in the treat- 
ment of CAP. To maintain this important therapeutic advance it is critical that 
we use these antibiotics wisely so that our patients do not lose an easy to 
administer safe treatment. Thus the macrolides or doxycycline should remain 
the drugs of choice for the treatment of patients with CAP that can be treated 
on an ambulatory basis. Indeed, we are beginning to see resistance of S. pneu- 
moniae emerging to the fluoroquinolones [23, 24]. In a study from Hong Kong 
Ho et al. found that the presence of chronic obstructive lung disease, nosoco- 
mial origin of infection, nursing home residence, fluroquinolone use during 
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the 12 months prior to admission were all factors independently associated 
with levofloxacin resistant S. pneumoniae lower respiratory tract infection or 
colonization [23]. Chen et al. [24] performed susceptibility testing on 7551 
isolates of S. pneumoniae collected in Canada from 1988 to 1998. They found 
that resistance to ciprofloxacin increased from 0 in 1993 to 1.7% in 1997 and 
1998. The prevalence of resistance was higher in older patients (2.6% for those 
65 years of age or older vs 1% among those 15-64 years of age) and higher 
among those from Ontario compared with the rest of Canada. They also noted 
that fluoroquinolone prescriptions increased from 0.8 to 5.5/100 persons/year. 
More recent data from Montreal [25] indicate that 13/672 (1.9%) isolates of S. 
pneumoniae were resistant to ciprofloxacin. The MlCs increased over time - 
thus for the seven isolates from 1994-1997 the MIC was 4 mg/L while for the 
six isolates from 1998-2000 two had an MIC of 8 mg/L; one 16 mg/L and four 
had MICs of 32 mg/L. Fluoroquinolone resistant S. pneumoniae were clonal in 
Hong Kong [26] and exhibited considerable genetic variablility in Canada 
[27]. Data from these studies raise concerns about one of the recommendations 
in the Canadian Infectious Diseases Society guideline for the empiric treat- 
ment of CAP, namely use of a fluoroquinolone to treat patients with pneumo- 
nia who have COPD and have received antibiotic therapy or oral corticosteroid 
therapy in the previous 3 months [5]. 



Nursing home acquired pneumonia 

With successful treatment of many diseases there has been a marked increase 
in the number of persons living to an old age. Twenty-one percent of those 
older than 85 years of age need help with bathing and 10% need help in using 
the toilet and transferring [28]. As a result facilities have evolved to care for 
these individuals. It has been estimated that 4.1% of those >65 years of age 
reside in nursing homes and 15% of those older than age 85 live in such facil- 
ities [29]. Individuals residing in these facilities exhibit a spectrum of health 
states, from healthy, self sufficient individuals to those who are frail and oth- 
ers who are bedridden. One of the most serious illnesses that can affect elder- 
ly residents of nursing homes is pneumonia. 



Epidemiology 

The attack rate for pneumonia is highest among those in nursing homes. Loeb 
et al. [30] studied 475 residents of five nursing homes and found that there 
were 1.2 episodes of pneumonia per 1,000 resident days. Pneumonia is the 
leading cause of infection requiring transfer of nursing home patients to hos- 
pital accounting for 10% to 18% of all pneumonia admissions [31]. 
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Risk factors for pneumonia among residents of a nursing home 
Profound disability (Kamofsky score of <10), bedfast state, urinary inconti- 
nence or deteriorating health status are risk factors for pneumonia in this set- 
ting [31]. In another study, old age, male gender, swallowing difficulty, and 
inability to take oral medications were risk factors for pneumonia while receipt 
of influenza vaccination was protective [30]. Factors that increase the risk of 
aspiration are likely to result in pneumonia. These are malnutrition, tube feed- 
ings, hyperextended neck, contractures, use of benzodiazepines and anti- 
cholinergic medications [28]. 

Etiology of nursing home-acquired pneumonia 

El-Solh et al. [32] studied all patients >75 years of age admitted to intensive 
care with a diagnosis of CAP and requiring mechanical ventilation. Fifty- 
seven patients were admitted from home and 47 from a nursing home. Among 
the nursing home patients Staphylococcus aureus was the most common etio- 
logical agent at 35% (6% of the cases overall were due to methicillin resistant 
S. aureus). Aerobic Gram-negative bacilli as a group accounted for 18% of the 
cases {Pseudomonas aeruginosa accounted for 4% of the cases). 
Streptococcus pneumoniae was implicated in 9% of the cases and 
Mycobacterium tuberculosis in 2%. Outbreaks of influenza [33], respiratory 
syncytial virus [34], Streptococcus pneumoniae [35], and Chlamydia pneumo- 
niae [36] may occur in nursing homes. Outbreaks of pneumonia due to 
Legionella spp in this setting seem to be uncommon but have occurred [37]. In 
addition colonization with methicillin resistant Staphylococcus aureus [38] 
and gentamicin and or ceftriaxone resistant Gram-negative bacilli are common 
among residents of some nursing homes [39]. Quinolone resistance among 
Gram-negative organisms isolated from nursing home residents ranged from 
1% of Escherichia coli isolates to 72% of Acinetobacter calcoaceticus sub- 
species anitratus [40]. In six studies reporting on 471 patients with NHAP S. 
pneumoniae accounted for 12.9% of the cases, followed by H. influenzae 
-6.4%; Staphylococcus aureus -6.4% Moraxella catarrhalis -4.4%; aerobic 
Gram-negative bacilli -13.1% [41-46]. 



Treatment of nursing home acquired pneumonia 

Naughton and Mylotte [47] performed a retrospective chart review of 239 
episodes of NHAP and found that 72% were initially treated in nursing homes. 
105/171 (61%) of these were treated only with an oral regime, while 66 (39%) 
were treated with an intramuscular antibiotic and subsequently with an oral 
regimen. There was no difference in the 30-day mortality rates between those 
initially treated in nursing homes (22%) and those initially treated in hospitals 
(31%). The most commonly used oral agent was cephalexin, followed by 
ciprofloxacin, and amoxicillin-clavulinic acid. A parenteral (intramuscular) 
antibiotic was prescribed for 39% of the episodes treated in a nursing home. 




Quinolones in pneumonia 



183 



The major problem is that there is a paucity of randomized trials of antibiotic 
treatment of pneumonia in the nursing home. 

Peterson et al. [48] carried out a trial of oral ciprofloxacin vs intramuscular 
cefamandole in patients with pneumonia and patients with acute bronchitis in 
a nursing home. The cure rates were high - 93% of the 30 patients treated with 
ciprofloxacin and 100% of the patients treated with cefamandole. In another 
study the same group of investigators [49] randomized 24 patients to receive 
ciprofloxacin IV and then PO and 26 patients to receive ceftriaxone IV fol- 
lowed by IM. Fifty percent of the ciprofloxacin treated patients and 54% of the 
ceftriaxone treated patients had a favorable outcome. Recurrent oropharyngeal 
aspiration was the reason for treatment failure in most patients refractory to 
either antibiotic. The mortality rate was 8% in each group. 

The Canadian Infectious Diseases Society and the Canadian Thoracic So- 
ciety [5] guidelines recommend a respiratory fluoroquinolone or amoxicillin- 
clavulinic acid plus a macrolide for patients with NHAP who can be treated in 
the nursing home. A second generation cephalosporin plus a macrolide is an 
alternative. For those patients who require admission to hospital a respiratory 
fluorquinolone is reconunended as the first choice. An alternative is a second, 
third, or fourth generation cephalosporin plus a macrolide. The Infectious Di- 
seases Society of America guidelines for the treatment of community-acquired 
pneumonia do not deal at all with nursing home-acquired pneumonia [6]. The 
Society of Hospital Epidemiologists of America recommend trimethoprim - 
sulfamethoxazole, amoxicillin, cefuroxime axetil, macrolide, doxycycline; as 
second line antibiotics for the treatment of NHAP they reconunend amoxicillin- 
clavulinic acid, quinolone, clindamycin (for aspiration pneumonia) [50]. 



Nosocomial pneumonia 

Nosocomial pneumonia is pneumonia that develops after admission to hospi- 
tal and was not incubating at the time of admission. Pneumonia is the third 
most common type of nosocomial infection (0.6% to 1.1% of hospitalized 
patients are affected) and one with a mortality rate of 28% to 37% [51]. Most 
patients who develop nosocomial pneumonia are receiving mechanical venti- 
lation. The microbiology of nosocomial pneumonia is dominated by aerobic 
Gram-negative bacteria. Enterobacteriaceae account for almost half of all the 
isolates; Staphylococcus aureus 26%; Pseudomonas aeruginosa 9%; 
Streptococcus pneumoniae 31%; anaerobic bacteria 35%; and Haemophilus 
influenzae 17% [52]. Multi-drug resistant Enterobacteriaceae, Pseudomonas 
aeruginosa and methicillin resistant Staphylococcus aureus are common 
among patients with nosocomial pneumonia. 

Prevention of nosocomial pneumonia is very important. The Centers for 
Disease Control have issued a comprehensive document that details the pro- 
grams that hospitals should have to reduce occurrence of nosocomial pneu- 
monia [53]. 
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Correct empirical treatment of nosocomial pneumonia is vitally important. 
Celis and colleagues [54] found that 92% of patients with ventilator associat- 
ed pneumonia died when treated with inappropriate antibiotics compared with 
a 31% mortality rate among those receiving appropriate antibiotics. Torres et 
al. [55] noted a 55% mortality among those receiving inappropriate antibiotics 
vs 23% for those with appropriate antibiotics. 

There are very few good trials of treatment of nosocomial pneumonia. Fink 
et al. [56] carried out a randomized double blind trials of imipenem vs 
ciprofloxacin in severe pneumonia in hospitalized patients (78% of whom had 
nosocomial pneumonia). The dose of ciprofloxacin was 400 mg q 8 h and 
imipenem 1 gm q 8 h. There were 205 patients in the ciprofloxacin group and 
200 in the imipenem group. One hundred and four and 85 in each group met 
the criteria for assessment of efficacy. Clinical resolution and bacterial eradi- 
cation rates were significantly higher in the ciprofloxacin group than in the 
imipenem group both in the efficacy and intention to treat analyses. 
Emergence of resistance among Pseudomonas aeruginosa was common - 
33% for the patients treated with ciprofloxacin who had this organism isolat- 
ed vs 42% for the imipenem treated patients. These results suggest that neither 
of these agents should be used alone to treat nosocomial pneumonia because 
of the high rate of emergence of antimicrobial resistance. Zhanel et al. [10] 
carried out a comprehensive review of the literature on new fluoroquinolones 
between 1994 and 1998. They present in tabular form the results of 53 clinical 
trials in which these agents were used - only two of these trials included 
patients with nosocomial pneumonia. One trial compared clinafloxacin to cef- 
tazidime and the other trovafloxacin with ciprofloxacin. A MEDLINE search 
of the literature since then failed to reveal any new clinical trials of these 
agents in the treatment of nosocomial pneumonia. 



Concluding remarks 

Most of the clinical trials of fluoroquinolones in the treatment of pneumonia 
involve patients with community-acquired pneumonia. The evidence suggests 
that they are effective. Currently there are no data to suggest that one fluoro- 
quinolone is clinically superior to another, however this may be due to design 
of the trials which are powered to show equivalence and lack of trials compar- 
ing one fluoroquinolone to another. Because of emerging resistance to fluoro- 
quinolones among isolates of S. pneumoniae these agents should be reserved 
for patients who require admission to hospital for the treatment of communi- 
ty-acquired pneumonia. 

There are no data to allow conclusions as to the utility of new fluoro- 
quinolones for the treatment of nursing home acquired pneumonia. 
Ciprofloxacin seems to be effective for the treatment of nursing home acquired 
pneumonia. 
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The newer fluoroquinolones lack activity against P. aeruginosa and hence 
should not be first line agents for the empiric treatment of nosocomial pneu- 
monia, especially ventilator associated pneumonia. 

If advances are to be made in the treatment of pneumonia we can no longer 
rely on pharmaceutical industry sponsored trials. Instead granting agencies 
should be prepared to fund multicenter clinical trials that are designed to 
answer key clinical questions. 

Restriction of fluoroquinolone use for the treatment of patients with acute 
exacerbation of chronic bronchitis is likely to be the most important measure 
in controlling S. pneumoniae resistance to these agents. 
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Introduction 

A variety of bacterial species are associated with acute respiratory tract infec- 
tions, including Gram-positive, Gram-negative, and atypical pathogens. The 
most common pathogens include Streptococcus pneumoniae, Mycoplasma 
pneumoniae, Chlamydia pneumoniae, Legionella species, Haemophilus 
influenzae, and Moraxella catarrhalis. Because of cost considerations and 
specimen collection difficulties, primary care physicians seldom attempt to 
identify the causative pathogen. As a result treatment is necessarily empiric 
with agents including: the p-lactams, macrolides, tetracyclines, and trimetho- 
prim-sulfamethoxazole (TMP-SMX). However, antimicrobial resistance 
among the most common respiratory tract pathogens to these agents is increas- 
ing [1-5]. Specifically, the growing problem of multidrug resistant pneumo- 
cocci has been the catalyst for the development of fluoroquinolones such as 
levofloxacin, gatifloxacin, which are effective against this resistant organism. 
However, there are reports of fluoroquinolone resistance emerging among 
pneumococci from a number of countries including: Canada, Spain, Hong 
Kong, Eastern and Central Europe, and Northern Ireland (Fig. 1). In Canada, 
Chen et al. [6] found that the prevalence of ciprofloxacin-resistant pneumo- 
cocci (MIC >4 pg/ml) increased from 0% in 1993 to 1.7% in 1997-1998 
(p = 0.01). In adults, the prevalence increased from 0% in 1993 to 3.7% in 
1998. In addition to the increase in prevalence of pneumococci with reduced 
susceptibility to fluoroquinolones, the degree of resistance also increased. 
From 1994 to 1998, there was a statistically significant increase in the propor- 
tion of isolates with a MIC for ciprofloxacin of > 32 pg/ml (p = 0.04). Linares 
et al. [7] found that in Spain an increase of ciprofloxacin-resistant pneumo- 
cocci from 0.9% in 1991-1992 to 3% in 1997-1998. Ho and colleagues [8, 9] 
documented a marked increase in the overall prevalence of non- susceptibility 
to the fluoroquinolones when comparing results of surveillance studies carried 
out in 1998 and 2000. Over a 2-year period, the prevalence of levofloxacin 
non- susceptibility (MIC > 4 pg/ml) increased from 5.5% to 13.3% among all 
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Figure 1 . The prevalence of ciprofloxacin (MIC > 4 pg/ml) and levofloxacin (MIC > 4 pg/ml) resist- 
ance in S. pneumoniae worldwide. Adapted from references [2, 9, 10, 98, 99]. 



isolates and from 9.2% to 28.4% among the penicillin-resistant strains. Nagai 
and colleagues [10] carried out surveillance in 10 Central and Eastern 
European countries between 1999 and 2000. Overall, levofloxacin resistance 
was 0.9%, however, in Croatia, 6 (5.9%) of 101 isolates were levofloxacin 
resistant. In Northern Ireland, ciprofloxacin resistance was linked to penicillin 
resistance. Eighteen (42.9%) of 42 penicillin-resistant pneumococci were 
resistant to ciprofloxacin [11]. Rates of resistance in the United States are <2% 
[2, 12-15]. Doem et al. [2] reported ciprofloxacin resistance rates of 1.4%. 
The Centers for Disease Control’s Active Bacterial Core Surveillance program 
carried out during 1995-1999 reported levofloxacin non-susceptible rates of 
0.2% [15]. The CDC has not included ciprofloxacin as one of the agents they 
test. 

In most countries reporting increasing ciprofloxacin resistance, it has been 
the result of the emergence of de novo resistance in many different serotypes 
[6, 16, 17]. However, in Hong Kong, the emergence of resistance has been due 
to the dissemination of a multiply resistant clone that shares an identical mul- 
tilocus sequence typing allelic profile with the globally distributed strain 
Spain^^^-1 [9]. In Croatia, all six strains of levofloxacin resistant pneumococ- 
ci had the same pulsed-field gel electrophoresis pattern and were serotype 23F 
[10]. McGee et al. [18] characterized a collection of 29 fluoroquinolone-resist- 
ant (ofloxacin MIC > 4 mg/L) isolates of S. pneumoniae that were obtained 
from a study in Northern Ireland and from the Alexander Project, an interna- 
tional network that was established in 1992 to monitor the development of 
antimicrobial resistance to major lower respiratory tract bacterial pathogens 
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over time. Of the 29 fluoroquinolone-resistant strains, eight (28%) belonged to 
serotype 23F, eight (28%) to serotype 9V and five (17%) to serogroup 6. 
Serotypes 35, 22, 34, 14 and 20 accounted for the remaining eight isolates. 

Although treatment failures due to ^-lactams, macrolides, and trimetho- 
prim/sulphamethoxazole resistance in pneumococci have been reported with 
meningitis and otitis media; the relation between drug resistance and treatment 
failures among patients with other pneumococcal infections is less clear [19, 
20]. However, ciprofloxacin and levofloxacin treatment failures of pneumo- 
coccal pneumonia when caused by fluoroquinolone resistant strains has been 
well described [21-28]. Reports of the development of resistance and clinical 
failures appeared shortly after the introduction of the ciprofloxacin in 1987 
[24, 29-32]. Davidson et al. [26] report four cases of pneumococcal pneumo- 
nia, treated empirically with oral levofloxacin, that failed therapy. All cases 
were associated with the isolation of an organism that was either resistant to 
levofloxacin prior to therapy or which had acquired resistance during therapy. 
Two patients had previously been on ciprofloxacin. One of the four patients 
died after 6 days of monotherapy with levofloxacin. Kays et al. [28] reported 
a levofloxacin treatment failure in a patient who had pneumococcal pneumo- 
nia and had received three previous courses of levofloxacin therapy. 
Susceptibility testing revealed high-level resistance to levofloxacin, with MICs 
of >32 pg/ml and cross-resistance to moxifloxacin (MIC 4 pg/ml) and gati- 
floxacin (MIC 12 pg/ml). The patient was treated successfully with intra- 
venous ceftriaxone followed by oral cefprozil. 

These findings underscore the need to curtail the use of these drugs for 
infections that can be treated with other agents including the P-lactam or 
macrolide antimicrobials. 



Ear infections 

Otitis externa 

Otitis externa is an inflammation of the external auditory canal, which can 
spread to the pinna, periauricular soft tissues, or even the temporal bone. 
Diffuse otitis externa is typically a bacterial infection, the most common 
pathogens being pseudomonas, staphylococci, and proteus, but fungi may also 
be involved (most commonly Aspergillus and Candida). Malignant (necrotiz- 
ing) external otitis is a subset of osteomyelitis and is caused by Pseudomonas 
aeruginosa infection with involvement of the temporal bone and skull base 
[33-36]. The most important predisposing factor is the combination of 
advanced age (older than 60 years) and diabetes mellitus. Classic signs of 
infection (fever, leukocytosis, and systemic toxicity) are notably absent, mak- 
ing diagnosis difficult. Otalgia followed by severe and often excruciating 
headache is the most common presenting symptom. Cranial nerve dysfunction, 
especially facial nerve palsy, is a late complication [37]. On physical exami- 




192 



D.E. Low 



nation, the external auditory canal is abnormal in almost all patients. It usual- 
ly appears inflamed, swollen or erythematous, and a purulent discharge is pres- 
ent. In most cases, granulation tissue is seen at the junction of the bony and 
cartilaginous canal. Diagnosis rests on abnormal findings of the temporal bone 
and skull by computed tomographic scan, an elevated erythrocyte sedimenta- 
tion rate (ESR) (often exceeding 100 mm/h), and isolation of P. aeruginosa 
from the external auditory canal [38]. Because mortality has been reduced sub- 
stantially with the advent of effective antipseudomonal therapy, recurrence is 
the major complication [39]. Interestingly, oral ciprofloxacin therapy (750 mg 
twice a day) appears to be as effective as parenteral combination 
antipseudomonal therapy [35, 39-43]. Treatment should be continued for 4 to 
10 weeks, depending on the severity of infection at initiation of therapy. 
Normalization of the ESR has been useful in monitoring therapy. Surgery is 
rarely necessary except for local debridement or excision of accessible foci of 
infection via polypectomy or removal of sequestrum. 

Early recognition and improved treatment have improved the outcome. 
However, patients who present with neurologic deficits have a worse progno- 
sis [33]. Treatment failures can occur despite optimal therapy, and relapses are 
observed as long as 4 to 12 months after treatment. 



Chronic suppurative otitis media 

Chronic suppurative otitis media (CSOM) is defined by chronic infection in 
the middle ear and mastoid and a nonintact tympanic membrane (chronic per- 
foration or tympanostomy tube). Otorrhea may or may not be present; infec- 
tion can be present in the middle ear and mastoid, but otorrhea is not evident 
through the perforation or tympanostomy tube or in the external auditory 
canal. There is no consensus regarding the duration of otitis media to be des- 
ignated CSOM. Even though 3 or more months appears to be an acceptable 
criterion, some clinicians consider a shorter duration, such as 3 or more weeks, 
of otitis media as being chronic, especially when the causative organism is 
pseudomonas [44]. 

CSOM is a major health problem in many populations around the world, 
affecting diverse racial and cultural groups not only in developing nations but 
also in highly industrialized countries [44]. Populations that are at highest risk 
for CSOM associated with chronic perforations are the Inuit of Alaska, 
Canada, and Greenland; Australian Aborigines; and certain Native Americans, 
e.g., Apache and Navajo tribes. Populations with moderately high rates include 
certain natives of the South Pacific islands, such as the Solomon Islands, and 
the Maori of New Zealand. Not only is CSOM common in these special pop- 
ulations, but with the widespread use of tympanostomy tube placement in the 
developed nations of the world, CSOM is also a potentially common compli- 
cation in all infants and children in these countries [44]. 
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CSOM can develop when the tympanic membrane is either intact or not 
intact. When the tympanic membrane is intact and an attack of acute otitis 
media occurs, a spontaneous perforation can develop with subsequent acute 
otorrhea. If the otorrhea persists into the chronic stage, the infection is then 
CSOM [45]. CSOM can also occur when there is a preexisting chronic perfo- 
ration of the tympanic membrane or a tympanostomy tube is in place in which 
otitis media-mastoiditis is absent. The most common organism isolated from 
around the world when the diagnosis is CSOM is P. aeruginosa [46]. 

Currently the only United States Food and Drug Administration (FDA)- 
approved ototopical agent is ofloxacin, which is indicated for use when AOM 
with otorrhea occurs in children with a tympanostomy tube in place; it is the 
only topical antimicrobial agent that has been demonstrated to be safe and 
effective [47, 48] and approved for this indication in children; it is also indi- 
cated in children and adults when external otitis is the diagnosis. This ototopi- 
cal agent is also approved for adults who have CSOM [49], but it is currently 
not approved for this indication in children, even though it has been reported 
to be effective in this age group [50]. Topical ofloxacin is more effective than 
the combination of neomycin-polymyxin B -hydrocortisone otic drops in adults 
with CSOM [51]. Ciprofloxacin with hydrocortisone has also been approved 
by the FDA, but only for treatment of external otitis in both children and 
adults. Orally administered ciprofloxacin has been shown to be effective in 
adults and children who had CSOM, but this agent currently is not approved 
in the United States for use in patients younger than 18 years of age [44]. 



Sinus infections 

Acute sinusitis 

The term sinusitis refers to inflammation of the mucosa of the paranasal sinus- 
es. Because sinusitis is invariably accompanied by inflammation of the con- 
tiguous nasal mucosa, rhinosinusitis has become the preferred term. Primary 
care physicians tend to think of sinusitis as an acute bacterial infection and pre- 
scribe an antibiotic in 85% to 98% of cases. However, sinusitis is frequently 
caused by viral infection. It will often resolve in most patients without antibi- 
otic treatment, even if it is bacterial in origin [52]. Acute rhinosinusitis is 
defined by symptom duration of less than 4 weeks. Acute bacterial sinusitis is 
usually a secondary infection resulting from sinus ostia obstruction, impaired 
mucus clearance mechanisms caused by an acute viral upper respiratory tract 
infection, or both. According to epidemiologic estimates, only 0.2% to 2% of 
viral upper respiratory tract infections in adults are complicated by bacterial 
rhinosinusitis. The gold standard for diagnosis of bacterial sinusitis is sinus 
puncture, and S. pneumoniae and H. influenzae are the bacteria most com- 
monly isolated from infected maxillary sinuses [53]. Because no simple and 
accurate office-based test for acute bacterial sinusitis exists, clinicians rely on 
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clinical findings to make the diagnosis. However, signs and symptoms of acute 
bacterial sinusitis and those of prolonged viral upper respiratory tract infec- 
tions are very similar, resulting in frequent misclassification of viral cases. 
Antibiotics have potential value in treating acute rhinosinusitis only when true 
bacterial infection is present. 

For acute bacterial rhinosinusitis, randomized, double-blind, placebo-con- 
trolled trials of antibiotic treatment using pretreatment and post-treatment cul- 
ture of sinus aspirates have not been performed [52]. Five randomized, double- 
blind clinical trials with good methods have compared antibiotic treatment 
with placebo for acute rhinosinusitis in adults [54-58]. These studies basical- 
ly concluded that although antibiotics are statistically more efficacious than 
placebo in reducing or eliminating symptoms at 10 and 14 days, the degree of 
benefit is relatively small. 

The clinical diagnosis of acute bacterial rhinosinusitis should be reserved 
for patients with rhinosinusitis symptoms lasting 7 days or more who have 
purulent nasal secretions and maxillary facial or tooth pain or tenderness. 
Patients who have symptoms of rhinosinusitis for less than 7 days are unlike- 
ly to have bacterial infection. Antibiotic therapy should be reserved for patients 
with severe symptoms who meet the criteria for the clinical diagnosis of acute 
bacterial rhinosinusitis, regardless of duration of illness. Initial antibiotic treat- 
ment should be with narrow- spectrum agents that are active against the likely 
pathogens, S. pneumoniae and H. influenzae [52]. According to many author- 
ities, amoxicillin continues to be the favored drug, although higher than cus- 
tomary doses may be required for suspected or proven penicillin-resistant 
pneumococci [52, 59, 60]. 

Several fluoroquinolones including: ciprofloxacin, levofloxacin, moxi- 
floxacin, and gatifloxacin have approval for the treatment of acute sinusitis due 
to S. pneumoniae and H. influenzae [61] [62-70] (Tab. 1). A clinical trial was 
reported by Sher et al. [67] that compared the clinical efficacy of short-course 
(5-day) gatifloxacin with standard 10-day regimens of amoxicillin/clavulanate 
or gatifloxacin in patients with a diagnosis of acute, uncomplicated maxillary 
sinusitis. This was a multicenter, investigator-blinded study in patients with 
physical findings, signs and symptoms (for at least 7 days), and radiographic 
findings indicating acute, uncomplicated maxillary sinusitis. In this population 
of patients with acute, uncomplicated sinusitis of presumed bacterial origin, a 
short 5-day course of gatifloxacin therapy was associated with comparable 



Table 1 . Fluoroquinolones approved for the treatment of acute sinusitis 



Fluoroquinolone Adult dosage Duration 



Ciprofloxacin 


500 


Levofloxacin 


500 


Gatifloxacin 


400 


Moxifloxacin 


400 



mg bid 


10 days 


mg qd 


10-14 days 


mg qd 


5-10 days 


mg qd 


10 days 
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clinical cure rates and tolerability to those of standard 10-day therapy with gat- 
ifloxacin or amoxicillin/clavulanate. 



Throat infections 

Acute pharyngitis 

Acute pharyngitis is one of the most common illnesses for which patients visit 
primary care physicians. According to the National Ambulatory Medical Care 
Survey, upper respiratory tract infections, including acute pharyngitis, are 
responsible for 200 visits to a physician per 1000 population annually in the 
United States; a rate more than double that for any other category of infectious 
disease. Group A streptococcus is by far the most common bacterial cause of 
acute pharyngitis, accounting for approximately 15 to 30% of cases in children 
and 5 to 10% of cases in adults. Moreover, group A streptococcal pharyngitis 
is the only common form of the disease for which antimicrobial therapy is def- 
initely indicated. Penicillin, to which the organism is uniformly susceptible, 
remains the treatment of choice for group A streptococcal pharyngitis because 
of its proven efficacy, narrow spectrum, safety, and low cost. Although there is 
no known reason as to why fluoroquinolones would be used to treat pharyngi- 
tis, there are anecdotal reports that in fact they are being used for such an indi- 
cation. Ciprofloxacin and levofloxacin have only moderate activity against 
group A streptococci, with MIC90S of 0.5 pg/ml. Despite this, reports of resist- 
ance of group A streptococci to the fluoroquinolones has been rare [71, 72]. 
However, in a nationwide multicenter susceptibility surveillance study in 
Spain by Perez-Trallero et al. [17], 70 (3.4%) of 2,039 isolates of 5. pyogenes 
had a ciprofloxacin MIC > 4 pg/ml and were found equally in children and 
adults. Ciprofloxacin resistance was more prevalent among erythromycin-non- 
susceptible group A streptococci than among erythromycin- susceptible ones. 



Pulmonary infections 

Acute exacerbations of chronic bronchitis 

Patients with chronic obstructive lung disease often have a component of 
chronic bronchitis contributing to their airway obstruction and chronic symp- 
toms. Chronic bronchitis is recognized clinically when a patient has cough and 
sputum production for 3 months of the year over at least 2 consecutive years. 
An acute exacerbation of chronic bronchitis (AECB) is characterized by symp- 
toms of increased dyspnea, increased sputum volume, and increased sputum 
purulence [73]. Other symptoms may also be present, but these three represent 
the “cardinal symptoms” of an exacerbation, and the severity of the acute 
process can be graded by how many of these symptoms are present. 
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Anthonisen and colleagues graded exacerbations as Type I if all three symp- 
toms were present; Type II if only two symptoms were present; and Type III if 
only one symptom was present [73]. The efficacy of antibiotic therapy in 
AECB varies with the severity of the acute episode. 

When sputum is cultured from a patient with chronic bronchitis, bacteria 
often are present, with nontypable H. influenzae, S. pneumoniae, and M. 
catarrhalis being the most commonly recovered pathogens. The role of bacte- 
ria in actually causing an acute exacerbation is uncertain because the same 
organisms may be present when the patient is clinically stable or when the 
patient is having an acute exacerbation, reflecting the fact that these patients 
have chronic tracheobronchial colonization. Thus, the role of bacteria in 
patients with AECB is controversial, making the necessity of antibiotic thera- 
py equally uncertain [74]. 

Despite many decades of therapeutic trials, the role for antimicrobial thera- 
py in AECB treatment remains controversial. There have been a number of 
randomized trials examining the role of antibiotics in chronic bronchitis, and 
they have shown some benefit during acute exacerbations, but no benefit if 
used to prevent exacerbations [75, 76]. Saint et al. [76] carried out a meta- 
analysis of nine trials that were randomized and placebo-controlled evalua- 
tions of antibiotic therapy in AECB, conducted between 1957 and 1992. That 
analysis showed a small beneficial effect of antibiotic therapy when the end 
points were overall benefit and change in peak flow rate. Another analysis of 
placebo-controlled trials for AECB, conducted by Ball, reached similar con- 
clusions [77]. 

The most common organisms leading to AECB are nontypable H influen- 
zae, M catarrhalis, and S pneumoniae. When patients have multiple episodes 
of recurrent infection, either as a consequence of antibiotic therapy or as a 
result of ongoing bronchial injury. Gram-negatives, including P. aeruginosa 
can be found [78, 79]. When considering the target organisms of a selected 
antibiotic, it is important to profile the patient in order to define a likely spec- 
trum of etiologic pathogens. This concept has been incorporated into the 
recently published Canadian chronic bronchitis guidelines and implies that the 
ideal antibiotic will vary for different individuals [80]. For patients with 
uncomplicated chronic bronchitis, characterized by individuals < 65 years of 
age with fewer than four exacerbations per year, therapy should be directed at 
H. influenzae, M. catarrhalis, pneumococcus, and possibly atypical pathogens. 
Patients with more complicated disease, characterized by >65 years of age, 
four or more exacerbations per year, FEVl <50% of predicted, or underlying 
comorbidity, antibiotic spectrum should include Gram-negatives. In addition, 
if the patient has recently received antibiotic therapy or had a nonresponse to 
an agent, then a resistant organism is possible and an agent from another class 
should be chosen. 

Studies done in the early 1980s showed no differences in the outcome 
among the usual first-line antibiotics that included: amoxicillinyampicillin, 
trimethoprim-sulfamethoxazole, and erythromycin. With the changing resist- 
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ance patterns notably for H. influenzae, M. catarrhalis, and S. pneumoniae, it 
would not be surprising to expect some antibiotics to do better than others. A 
number of fluoroquinolones have been approved for their use in the treatment 
of AECB. To date, however, no randomized, placebo-controlled trial has 
proved the superiority of any one of the fluoroquinolones to standard first-line 
therapy [81-92]. 

There have been several advances proposed with the use of the fluoro- 
quinolones. Several of these agents including moxifloxacin, gatifloxacin, and 
levofloxacin have been shown that when administered for 5 days to be as effec- 
tive and a more convenient treatment than a standard course of antimicrobials 
for patients with AECB [83-86]. There is mounting evidence that fluoro- 
quinolone treatment of AECB is associated with a longer infection-free inter- 
val: the length of time in days between the end of therapy and the beginning 
of the next AECB [93]. Chodosh and colleagues [90] performed a double-blind 
study comparing ciprofloxacin and clarithromycin to determine clinical and 
bacteriologic efficacy and safety of the two therapies. They also sought to 
compare the length of the infection-free interval between one AECB and the 
next exacerbation. Patients were randomized to receive two 250 mg tablets of 
either ciprofloxacin or clarithromycin. The antibiotics were administered 
twice daily for 14 days. The effectiveness of the antimicrobial agents was 
assessed by patient clinical response and laboratory measurements, with a 
physical examination at 2, 12, 24 and 36 weeks post- treatment, or when a 
treatment failure or a new exacerbation occurred. Throughout the 36-week fol- 
low-up period, 55% of the ciprofloxacin patients and 59% of the clar- 
ithromycin patients experienced a relapse or a new exacerbation. The median 
length of infection-free interval was 142 days in the ciprofloxacin group and 
51 days in the clarithromycin group. Bacterial eradication at the end of thera- 
py was 91% in the ciprofloxacin group but only 77% in the clarithromycin 
patients. The authors conclude from this study that patients taking 
ciprofloxacin showed a longer infection-free interval than did those treated 
with clarithromycin. Grossman et al. [94] studied the use of ciprofloxacin in a 
prospective 1-year study and demonstrated improved clinical outcome in 
patients with moderate to severe chronic bronchitis and at least four AECB in 
the previous year when compared to the usual antibiotic treatment. Treatment 
with ciprofloxacin tended to accelerate the resolution of all AECBs compared 
to usual care (relative risk = 1.20; 95% confidence interval [Cl], 0.91 to 1.58; 
/7 = 0.19). Treatment assignment did not affect the interexacerbation period but 
a history of severe bronchitis, prolonged chronic bronchitis, and an increased 
number of AECBs in the past year were associated with shorter exacerbations- 
free periods. There was a slight, but not statistically significant, improvement 
in all quality of life measures with ciprofloxacin over usual care. The only fac- 
tors predictive of hospitalization were duration of chronic bronchitis (odds 
ratio = 4.6; 95% Cl, 1.6, 13.0) and severity of chronic bronchitis (odds 
ratio = 4.3; 95% Cl, 0.8, 24.6). When the simple base case analysis was 
expanded to examine the effect of risk stratification, the presence of moderate 
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or severe bronchitis and at least four AECBs in the previous year changed the 
economic and clinical analysis to one favorable to ciprofloxacin with the 
ciprofloxacin-treated group having a better clinical outcome at lower cost. 

Finally, Nouira et al. [95] assessed the effects of ofloxacin in patients with 
AECB who required mechanical ventilation. A prospective, randomised, dou- 
ble-blind, placebo-controlled trial in 93 patients with AECB who required 
mechanical ventilation was carried out. Patients were randomly assigned to 
receive oral ofloxacin 400 mg once daily (n = 47) or placebo (n = 46) for 10 
days. Primary endpoints were death in hospital or need for an additional course 
of antibiotics, both separately and in combination. Treatment with ofloxacin 
significantly reduced the need for additional courses of antibiotics (28.4%, 
12.9-43.9, p = 0.0006). The combined frequency of death in hospital and need 
for additional antibiotics was significantly lower in patients assigned to 
ofloxacin than in those receiving placebo (45.9%, 29.1-62.7,p < 0.0001). The 
duration of mechanical ventilation and hospital stay was significantly shorter 
in the ofloxacin group than in the placebo group (absolute difference 4.2 days, 
95% Cl 2.5-5.9; and 9.6 days, 3.4-12.8, respectively). 

A cautionary note regarding the use of the fluoroquinolones for the treat- 
ment of AECB has been the emergence of fluoroquinolone resistance to pneu- 
mococci and the association of resistance with clinical failures when a fluoro- 
quinolone is used [6, 9, 25]. A number of risk factors have been recognized 
that identify patients that are likely to be colonized or infected with a 
ciprofloxacin or levofloxacin-resistant pneumococci: patients who are >64 
years of age, have a history of chronic obstructive lung disease and/or prior 
fluoroquinolone exposure [6, 9, 13, 15, 96]. Weiss and colleagues [25] 
described a nosocomial outbreak of fluoroquinolone-resistant pneumococci. 
Over the course of a 20-month period, in a hospital respiratory ward where 
ciprofloxacin was often used as empirical antimicrobial therapy for lower res- 
piratory tract infections, 16 patients with chronic bronchitis developed lower 
respiratory tract infections caused by a strain of penicillin- and ciprofloxacin- 
resistant S. pneumoniae (serotype 23F). The MIC of ciprofloxacin for all iso- 
lates was > 4 pg/ml. All five patients with AECB treated with ciprofloxacin, 
failed therapy. 

Whether or not the newer fluoroquinolones including moxifloxacin and gat- 
ifloxacin with enhanced pneumococcal activity and more favourable pharma- 
cokinetic/pharmacodynamic parameters will slow or prevent the emergence of 
resistance and/or will be more effective for the treatment of AECB due to 
pneumococci with reduced susceptibilities to the fluoroquinolones is yet to be 
determined [97]. 
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Introduction 

The antimicrobial spectrum of activity of the early quinolones (i.e., nor- 
floxacin, ofloxacin, ciprofloxacin) favor potency against Gram-negative 
microorganisms [1, 2]. The newer agents (levofloxacin, gatifloxacin, moxi- 
floxacin) have expanded activity against the Gram-positive microorganisms [3, 
4] and some of these newer agents which are currently available or in clinical 
trial (moxifloxacin, gatifloxacin, garenoxacin) also demonstrate excellent in 
vitro activity against the Gram-negative, Gram-positive, anaerobic, and atypi- 
cal microorganisms [5-7]. Ciprofloxacin and levofloxacin have only moderate 
activity against the group A streptococci, with MIC 90 S of 0.5 pg/ml, however, 
reports of resistance to these agents have been rare [ 8 , 9]. In a nationwide mul- 
ticenter susceptibility surveillance study in Spain [10], 70 (3.4%) of 2,039 iso- 
lates of Streptococcus pyogenes had a ciprofloxacin MIC > 4 pg/ml. These 
microorganisms were found to be equally distributed between children and 
adults [10]. The early investigations with the then new fluoroquinolones, par- 
ticularly ciprofloxacin, demonstrated in vitro activity against both methicillin- 
susceptible Staphylococcus aureus (MSSA) and methicillin-resistant 
Staphylococcus aureus (MRSA), although the activity was marginal with 
MIC 90 S of 0.5 pg/ml [11, 12]. A single mutation in the primary target would 
increase the MIC of ciprofloxacin four- to 16-fold, a level of resistance at or 
above peak drug concentrations achievable in serum, providing an opportuni- 
ty for such first-step mutants to survive and emerge when a patient was 
exposed to fluoroquinolones [13]. Fluoroquinolone resistance in MRSA and 
the coagulase-negative staphylococci is now >50% worldwide [14-16]. 
Fluoroquinolone resistance in methicillin-susceptible staphylococci vary from 
<5% to 22%, depending on the location of the study [17, 18]. An internation- 
al study with isolates provided from countries in Europe, Asia, and Latin 
America demonstrated ciprofloxacin resistant rates in MRSA, MSSA, methi- 
cillin-resistant and -susceptible coagulase-negative staphylococci of 90%, 
21%, 50% and 22 % respectively [15]. Susceptibility testing was carried out 
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on 602 geographically and genetically diverse S. aureus isolates from across 
North America. Initial investigations reported the successful use of oral 
ciprofloxacin in the eradication of MRS A colonization and in the treatment of 
MRSA and MSSA infections [19-21], However, it was soon recognized that 
when a fluoroquinolone, such as ciprofloxacin, was used alone that resistance 
frequently developed and was often associated with clinical failures [20-23]. 

The quinolones have a rapid mechanism of antibacterial action by inhibit- 
ing DNA synthesis by interfering with DNA gyrase and type IV topoisomerase 
[1]. This rapid antibacterial activity coupled with excellent oral bioavailabili- 
ty [24, 25], broad tissue distribution and penetration [25-27] including intra- 
cellular concentration in neutrophils and macrophages, as well as infrequent 
dosing make the quinolones convenient and desirable agents for the manage- 
ment of infections. Favorable pharmacokinetics, and the availability of both 
oral and parenteral formulations of most quinolone agents allows a direct par- 
enteral to oral stepdown once the patient is clinically stable or a suitable dura- 
tion of therapy has been delivered parenterally. The oral administration of the 
quinolones with their excellent oral bioavailability offers a realistic alternative 
to parenteral therapy [25]. The quinolones may either be used as an initial oral 
first line therapy as an alternative to parenteral therapy, or, alternatively, as a 
rapid stepdown therapy to the parenteral agents. The quinolones are also a 
potential alternative in those individuals with [3-lactam allergies. This chapter 
will provide an overview of the current data supporting the role of 
ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin for the manage- 
ment of skin, soft tissue, and bone infections. 



Skin and soft tissue infections 

Bacterial skin and soft tissue infections are classified as uncomplicated where 
the infections are caused primarily by S. aureus or S. pyogenes and are not 
associated with necrotic soft tissue, and/or bone, deep abscesses, or underly- 
ing vascular insufficiency impairing delivery of antimicrobials to the infected 
area, impaired host immunity, and underlying host comorbidities which 
impede or delay healing [28]; and complicated where the infection involves 
ulcers, wounds, major abscesses, or there are significant underlying comor- 
bidities such as diabetes, and/or peripheral vascular disease [29]. Although a 
multitude of quinolones have come to clinical trial, only a limited number of 
peer reviewed publications have arisen. 

Ciprofloxacin and ofloxacin have been extensively evaluated [30-34] for 
skin, and soft tissue infections. Although the spectrum of activity of 
ciprofloxacin is primarily aerobic Gram-negative bacilli, with particular activ- 
ity against Pseudomonas auriginosa, patients enrolled in randomized clinical 
trials treated with either ciprofloxacin or its comparator have had satisfactory 
clinical outcomes [30-32]. It is important to note that even patients from 
whose wounds S. aureus was recovered had a comparable outcome to those 
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treated with the comparator agent with potentially superior anti-Gram-positive 
activity. In these studies, oral ciprofloxacin was compared to parenteral cefo- 
taxime. Similar therapeutic outcomes have been observed in patients treated 
with oral ofloxacin versus intravenous cefotaxime [33] or with intravenous 
ofloxacin followed by oral ofloxacin compared to those receiving parenteral 
ampicillin/sulbactam followed by oral amoxicillin-clavulinic acid [34]. The 
overall cure rates were comparable for the quinolone and p-lactam regimens. 
A small study evaluating patients treated with cefazolin, imipenem-cilastatin, 
ciprofloxacin and ofloxacin for complicated skin and soft tissue infections 
revealed that all patients were cured or improved with the regimens provided, 
however, cefazolin demonstrated limited in vitro activity against the Gram- 
negative microorganisms recovered from open wounds when compared to 
imipenem-cilastatin, ciprofloxacin or ofloxacin [29]. These early clinical 
studies established ofloxacin and more so, ciprofloxacin, as antimicrobial 
agents suitable for both uncomplicated and complicated skin and soft tissue 
infections, however, these studies were only powered to show equivalence. 
These studies serve to further substantiate the disparity between in vitro sus- 
ceptibility testing and the clinical effectiveness of certain antimicrobial agents 
as based upon the in vitro susceptibilities, these quinolones may have been 
regarded as suboptimal agents for the management of staphylococcal and 
streptococcal infections. 

With the development of the new generation quinolones with their improved 
spectrum of activity against Gram-positive microorganisms such as S. pyo- 
genes and S. aureus, it is anticipated that an expanded role for the quinolone 
will be observed in the management of community and nosocomial acquired 
skin and soft tissue infections [4]. Some of the new quinolones have the added 
advantage of possessing significant activity against the anaerobes making 
these agents ideal for the management of the polymicrobial animal or human 
bite wound and the diabetic foot infection, however, the newer agents possess 
suboptimal anti-pseudomonal activity [5-7]. 

In comparison to the number of published clinical trials for the management 
of upper and lower respiratory tract infections utilizing the new quinolones, 
there are remarkably few controlled clinical trials evaluating the new 
quinolones for the management of complicated or uncomplicated skin and soft 
tissue infections. Levofloxacin (500 mg po od for 7-10 days) has been com- 
pared to ciprofloxacin (500 mg po bid for 7-10 days) in patients with uncom- 
plicated skin and soft tissue infections [35, 36]. In both studies, the overall 
clinical success rates (96 and 98% for the two levofloxacin groups, 94% for 
the two ciprofloxacin groups) and bacteriological eradication rates were simi- 
lar. One can therefore conclude that levofloxacin had a comparable overall 
efficacy to ciprofloxacin in this study population, however, it is important to 
note that ciprofloxacin is not traditionally considered a first-line therapy for 
the management of skin or soft tissue infections. It would have, however, been 
anticipated that a potential therapeutic advantage may have been observed 
with levofloxacin in light of its improved in vitro activity against the Gram- 
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positive microorganisms compared to that of ciprofloxacin. In a randomized, 
open-label clinical trial for complicated skin and skin structure infections, lev- 
ofloxacin administered either 750 mg parenterally once a day or intravenous- 
ly followed by oral step-down therapy was compared to ticarcillin-clavulanate 
followed by amoxicillin-clavulanate oral step-down therapy [37]. Therapeutic 
equivalence was demonstrated between levofloxacin and the ticarcillin-clavu- 
lanate and amoxicillin-clavulanate regimens (success rates of 84.1% and 
80.3% respectively). For microbiologically evaluable subjects, the overall 
eradication rate was 83.7% in the levofloxacin arm compared to 71.4% for the 
ticarcillin-clavulanate and amoxicillin-clavulanate treatment group. These 
data suggest that levofloxacin 750 mg once per day is comparable to ticar- 
cillin-clavulanate and amoxicillin-clavulanate for complicated skin and skin 
structure infections [37]. Oral gatifloxacin (400 mg od) has been compared to 
oral levofloxacin (500 mg od) for the treatment of uncomplicated skin and soft 
tissue infections in a double-blind multicentre study [28]. In this study, it was 
noted that the cure rates for gatifloxacin (91%) were numerically higher, albeit 
not statistically significantly different from those of levofloxacin (83%). 
Bacterial eradication rates were comparable in both groups [28]. It may, there- 
fore, be concluded that gatifloxacin with its expanded spectrum of activity 
which includes anaerobes is comparable to levofloxacin for the management 
of uncomplicated skin and soft tissue infections. Moxifloxacin (400 mg po od) 
has been found to be as effective as cephalexin (500 mg po tid) in the clinical 
management of uncomplicated skin infections and in bacteriologically eradi- 
cating the most frequently recovered pathogen, S. aureus [38]. Cure rates of 
90% and 91% were observed with moxifloxacin and cephalexin respectively 
in this study [38]. Garenoxacin, the des-fluoro [6] quinolone is currently 
undergoing phase III clinical trials. Based upon its in vitro activity against aer- 
obic and anaerobic pathogens isolated from skin and soft tissue animal and 
human bite wound infections [7], it is anticipated that this agent will also be 
effective in the routine management of skin and soft tissue infections, particu- 
larly those which are complicated. The MIC for this agent are comparable or 
lower than other quinolone agents and other classes of antimicrobials such as 
the p-lactams traditionally used for the management of skin and soft tissue 
infections [7]. 

The p-lactam agents have served as the mainstay for the management of 
skin and soft tissue infections since their introduction into the therapeutic 
arena. Narrow spectrum agents such as cloxacillin and cephalexin are ideal for 
the management of infections presumed to be caused by S. aureus, where the 
endemic rates of MRSA are not excessive. Penicillin is the agent of choice for 
the management of presumed group A streptococcal infections as the strepto- 
cocci are exquisitely sensitive to penicillin, and penicillin resistance in these 
microorganisms has never been reported. Cefazolin/cephalexin can be used 
when it is unclear whether a skin or soft tissue infection is caused by S. aureus 
or S. pyogenes. In fact, these agents should remain as the mainstay of therapy 
for uncomplicated skin and soft tissue infections because of their proven effi- 
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cacy and cost advantage. It is important to note that cephalexin has been used 
as a comparator in clinical trials evaluating an expanded spectrum quinolone 
with the results demonstrating comparable efficacy for both agents [38]. 

From the data presented above, it would appear that the quinolones are com- 
parable in efficacy to the conventional anti- staphylococcal and anti-strepto- 
coccal agents. The quinolone’s broad spectrum and increased cost may not jus- 
tify their use for uncomplicated skin and soft tissue infections, furthermore, 
based upon the MICs of ciprofloxacin, it may be prudent to avoid this agent 
for skin and soft tissue infections as other more appropriate agents exist, 
specifically the (3-lactam agents (cephalexin/cephazolin, cloxacillin), and non- 
(3-lactam agents such as clindamycin. In areas of high MRSA endemnicity, 
consideration may be given to the use of vancomycin or linezolid for the man- 
agement of skin and soft tissue infections caused by the Gram-positive cocci. 
The potential advantage, however, of these new quinolones in the management 
of uncomplicated infections would be for use in individuals where adherence 
with dosing regimens involving multiple administrations may be a concern. 
Another potential advantage would be in those individuals where |3-lactam 
allergies exists. The true potential benefit of the new quinolones is for the man- 
agement of complicated skin and soft tissue infections because of their broad 
spectrum, encompassing activity against Gram-positive, Gram-negative, and 
anerobic microorganisms, without the need for the co-administration of other 
agents, infrequent dosing (frequently, once a day), lack of appreciable nephro- 
toxicity, and excellent oral bioavailability allowing either for immediate oral 
therapy or a rapid parenteral to oral stepdown [39]. The ideal positioning of 
these new expanded spectrum quinolones would therefore be for the manage- 
ment of polymicrobial infections particularly for those of the foot of persons 
with diabetes, pressure ulcerations or perineal processes such as perirectal 
abscesses. While the potential benefits of the expanded spectrum quinolones 
has been speculated in the preceding material, the data from the current and 
future clinical trials will have to be evaluated before making a firm recom- 
mendation with regards to their use. 



Future direction - skin and soft tissue infections 

Ciprofloxacin and ofloxacin have been extensively evaluated for the manage- 
ment of both complicated and uncomplicated skin and soft tissue infections, 
using a variety of oral and parenteral comparators. It may be prudent that the 
currently available expanded spectrum quinolone agents undergo the same rig- 
orous evaluation as these earlier compounds. It would also be of benefit to 
determine whether there is any therapeutic advantage between the newer 
expanded spectrum quinolone agents as the studies to date have not been direct 
comparisons but rather comparisons to agents whose therapeutic spectra may 
be somewhat limited. 




210 



J.M. Embil 



Bone infections 

Osteomyelitis may be divided into several eategories, specifically: hematoge- 
nous, arising from blood-borne organisms, most frequently seen in children; or 
contiguous spread from a surrounding area of skin and soft tissue infection 
such as in the diabetic foot, pressure ulcer, or from surgical inoculation or trau- 
ma [39-42]. Osteomyelitis may also be acute, occurring most frequently in 
children and following hematogenous spread; or chronic, which is associated 
with infected, dead bone, within a compromised soft tissue envelope [41, 42]. 
Several excellent reviews exist with regards to the role of the quinolones for 
the management of osteomyelitis [41-44]. Unlike the studies for the evalua- 
tion of new agents for the management of skin and soft tissue infections, which 
consider groups of essentially homogeneous patients (cellulitis, erysipelas, 
abscesses) and which are generally standardized and easily comparable, simi- 
lar studies do not exist for the evaluation of antimicrobial agents in the man- 
agement of osteomyelitis. Although a multitude of case reports exist docu- 
menting the success of various quinolones for the management of 
osteomyelitis, the surgical management, or lack thereof, dose, duration of ther- 
apy and location of the bone infection make direct comparisons between these 
studies difficult. A number of issues complicate the studies evaluating the role 
of antimicrobial agents for the management of osteomyelitis. Some of these 
parameters include significant differences in the patient populations being 
evaluated, and methodological variations, specifically open labeled versus 
blinded controlled clinical trials. Other factors that make comparisons between 
these studies difficult is that in some cases, the use of the antimicrobial agent 
was either singly or in combination, and the study endpoints and clinical out- 
comes varied [45]. It is difficult to know whether osteomyelitis is ever truly 
healed as relapses may occur years after the infection has presumably been 
treated, thus, the therapeutic endpoints considered in these studies are actual- 
ly those for the induction of a remission instead of a true “cure.” 

The management of osteomyelitis whether acute or chronic is frequently 
associated with initial surgical debridement followed by postoperative antibi- 
otics for a defined period of time. The rationale for this approaeh is to allow 
for bony reconstitution in a “clean” environment thus preventing reinfection of 
the freshly debrided bone [40]. 

Although data exists with regards to the use of ofloxacin, and other early 
quinolone agents, the majority of the data from randomized comparative stud- 
ies for the management of osteomyelitis, particularly chronic osteomyelitis 
arises from studies comparing ciprofloxacin to other agents. Unfortunately, as 
previously mentioned, a comparison between the studies is difficult as the 
duration of therapy and dose of agent used in these studies varied. To further 
complicate comparisons, the patient numbers in these studies were small 
[46-49]. In these studies, the enterobacteraciae were the most frequently 
recovered microorganism with a frequent representation of Pseudomonas 
auriginosa and S. aureus. The duration of therapy with the oral agents ranged 
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between 28-75 days. With the outcome of treatment for those receiving oral 
therapy ranging between 71-100% versus 84-100% for those treated with 
parenteral therapy [46-49]. It is difficult to make sweeping conclusions about 
these studies as the patient population was heterogeneous, treatment durations 
and follow-up were variable. These early studies do, however, suggest that oral 
quinolone therapy was usually successful and feasible. It is important to note 
that in these studies, the success of treatment was greatest with individuals 
with osteomyelitis caused by the Gram-negative microorganisms compared to 
those caused by S. aureus which is likely a reflection of the antibacterial spec- 
trum of these agents. 

Although there are numerous uncontrolled reports of the use of the new 
quinolone agents for the treatment of osteomyelitis, there have been remark- 
ably few controlled studies assessing the efficacy of these agents for the treat- 
ment of chronic osteomyelitis in humans. In one prospective, randomized, 
non-blinded clinical trial, evaluating ciprofloxacin, lomefloxacin and lev- 
ofloxacin for the treatment of chronic osteomyelitis, it was noted that lev- 
ofloxacin achieved a cure rate of 60% (nine of 15 patients), lomefloxacin was 
effective in 71% (five of seven patients) and ciprofloxacin was effective in 
40% (two of five patients) [50]. It is difficult to draw significant conclusions 
from this study as the patient numbers were small and duration of therapy and 
follow-up variable. The average duration of therapy was 60.6 days with an 
average follow-up of 11.8 months. In recent animal studies, oral levofloxacin 
and oral gatifloxacin have been compared to parenteral nafcillin [51, 52]. Both 
of these animal studies were performed using similar methodology. These 
authors report that levofloxacin showed a significant reduction in S, aureus 
infections compared to the non-treated, infected controls, however, it was infe- 
rior to that of parenteral nafcillin. Oral gatifloxacin was, however, as effective 
as parenteral nafcillin for the treatment of experimental S. aureus induced 
osteomyelitis in rabbits. These two studies provide important animal data 
about the potential management of osteomyelitis with oral antimicrobial ther- 
apy. Such data is lacking for the other new quinolones. 

From this review, it would appear that data exists, albeit from a variety of 
controlled and uncontrolled studies suggesting that oral ciprofloxacin may be 
a consideration for the management of osteomyelitis. It may be ideal to target 
the use of ciprofloxacin for the management of osteomyelitis caused by Gram- 
negative microorganisms in light of the MIC’s of the Gram-positive aerobic 
cocci to ciprofloxacin. Animal data is also available for some of the other 
quinolones, however, at this time since formal human studies have not been 
conducted, using the new quinolones for the management of osteomyelitis. 
Their use can, therefore not be recommended nor endorsed for the manage- 
ment of osteomyelitis particularly when concern has been raised about the car- 
diovascular safety of some of the newer agents since a prolonged duration of 
therapy is required for the treatment of osteomyelitis, specifically when using 
oral quinolone therapy. 
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Future direction - bone infections 

Before agents other than ciprofloxacin and ofloxacin can be endorsed for the 
treatment of osteomyelitis, formal human studies are necessary. Prior to the 
performance of these studies, however, long-term safety data for the other 
quinolones such as levofloxacin, moxifloxacin, gatifloxacin and garenoxacin 
is necessary, particularly in light of toxicides encountered with some of the 
other quinolone agents. It would also be ideal if standardized controlled clini- 
cal trials for the treatment of acute and chronic osteomyelitis could be per- 
formed. The optimal positioning for the extended spectrum quinolones with 
expanded activity against the Gram-positive, Gram-negative and anaerobic 
microorganisms would be for the management of polymicrobial diabetic foot 
osteomyelitis, or osteomyelitis complicating pressure ulcerations. The 
quinolones would be ideal as oral alternatives to parenteral therapy for the 
management of these chronic infections, as the duration of therapy is pro- 
longed and the oral route would be most convenient. It must be remembered, 
however, that for many of these infections the antimicrobial therapy is only 
one part of the management, and adjunctive measures such as debridement and 
pressure relief are also critical. 



Prosthetic joint infections 

Infections in prosthetic Joints can be classified as “early” postoperative infec- 
tions which become apparent within 1 month of the time of surgery or as “late” 
chronic infections presenting anytime after the first month of surgery [53]. The 
aerobic Gram-positive cocci particularly S. epidermidis and S. aureus are the 
most frequently recovered microorganisms in prosthetic joint infections [54, 
55]. It is the goal of perioperative antimicrobial prophylaxis to decrease the 
risk of perioperative wound and deep infections with skin microorganisms. 
This, of course, does not preclude hematogenous infection arising from the 
urinary tract, vascular access devices and other sites such as pressure ulcera- 
tions in the postoperative period. 

The optimal techniques for diagnosis and management of acute prosthetic 
joint infections has not been well defined and is deeply entrenched in tradition. 
For early postoperative infections, soft-tissue debridement in conjunction with 
antimicrobial therapy and retention of the prosthesis has a successful outcome 
in approximately 70% of cases [54, 56, 57]. Although these studies indicate 
high degrees of success, the data must be interpreted with caution as formal 
rigorous comparative studies do not exist comparing the type of surgery, dura- 
tion and route of antimicrobial therapy and duration of follow-up. 

In individuals who develop late chronic prosthetic joint infection, the diag- 
nosis and management is also not standardized. The traditionally accepted 
approaches include either a one-step procedure with removal of the preexist- 
ing prosthesis, debridement and reimplantation of a new prosthesis in con- 
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junction with periprocedure antimicrobial therapy, or, alternatively a two-stage 
procedure with removal of the infected hardware and debridement, implanta- 
tion of an antibiotic spacer followed by 4-6 weeks of parenteral therapy and 
reimplantation of a new prosthesis [58-60]. Although infection in joint 
replacements occurs in approximately 4% of patients over the lifetime of the 
joint, it would be anticipated that a large body of data would exist surrounding 
the management of these infections, however, this is not the case [61, 62]. 
Several studies have demonstrated that if a prosthetic joint infection is detect- 
ed early, debridement in conjunction with antimicrobial therapy may allow for 
prosthesis retention [63-65]. In these studies, it is suggested that for patients 
with a short duration of infection and stable orthopedic implants, debridement 
and antimicrobial therapy may lead to salvage of the prosthesis. Unfortunately, 
the patient numbers for these studies were small ranging from 18 to 69, study 
designs varied, bacteriology and antibiotic regimens differed as did the defini- 
tions of “cure.” 

Two studies have prospectively considered the role of the quinolones 
ofloxacin or ciprofloxacin in conjunction with rifampin for the management of 
Staphylococcus spp. or S. aureus infections [64, 66]. The addition of rifampin 
in conjunction with the quinolone appears to have beneficial effects in leading 
to preservation of the infected stable joint prosthesis, however, once again, 
caution is urged with the interpretation of this result as the number of study 
participants was small [64, 66]. 

These preliminary data provide hope that stable prosthesis may be retained 
if the infection is detected early and a limited debridement combined with a 
quinolone-rifampin regimen. It is important to note, however, that the proto- 
cols considering a quinolone-rifampin regimen have only considered staphy- 
lococcal prosthetic joint infections. 

While the two studies [64, 66] of quinolone-rifampin regimen offer an alter- 
native to the management of infected prosthetic joints, these studies must be 
interpreted with great caution as they only evaluated a small number of 
patients. 



Future direction - prosthetic joint infection 

Before more wide-sweeping conclusions can be drawn as to the role of oral 
quinolone therapy for the management of prosthetic joint infections can be 
made, formal prospective randomized controlled studies must be undertaken 
with a significant number of study subjects. These studies, however, will be 
difficult to conduct as they must address a number of factors such as the type 
of prosthesis (knee, hip) duration of initial infection, microbiology, surgical 
intervention at the time the infection was recognized, the duration of parenter- 
al followed by oral antimicrobial therapy and antibiotic free interval after the 
initial treatment and the time a “cure” is established. Clearly, oral antimicro- 
bial therapy is limited to individuals with stable prosthesis and for whom a 
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definitive one- or two-stage procedure may not be indicated or those who 
decline a more aggressive approach. 



Conclusions 

In the preceding review, it is clear that the fluoroquinolones, particularly the 
newer agents with expanded activity against Gram-positive microorganisms 
are agents which may provide an alternative for the management of skin and 
soft tissue, and bone infections, particularly in those who are allergic to the 
p-lactam agents. It is important to recall that other well established agents cur- 
rently exist for the management of the infections that have been reviewed and 
these agents should not be forgotten. These agents include cloxacillin and 
cefazolin/cephalexin for the management of uncomplicated skin and soft tis- 
sue infections where the rates of endemic MRSA do not preclude the use of 
these agents. Piperacillin/tazobactam or other p-lactam and non- p-lactam 
combinations for complicated skin and soft tissue infections such as clin- 
damycin and gentamicin or cefazolin and metronidazole, are also considera- 
tions. While it is necessary to accept new agents such as the quinolones into 
the armamentaria for the management of skin and soft tissue and bone infec- 
tions the other agents must not be completely replaced as they still offer sig- 
nificant therapeutic and economic benefits. The quinolones, particularly those 
with expanded antimicrobial activity, will be ideal agents for the management 
of the diabetic foot or infected pressure ulcerations. While it would be ideal to 
recommend these newer agents for the management of the polymicrobial dia- 
betic foot infection, current safety data does not exist to support the use of 
these agents for prolonged periods of time. If formal studies are performed 
addressing long-term oral quinolone therapy for the management of 
osteomyelitis, then these newer agents can be embraced. Until that time, the 
conventional agents should be used. The treatment of infected orthopedic 
implants is far more complicated than merely using an antibiotic. The implant 
must be stable, debridement may be necessary, and long-term parenteral or 
oral antimicrobial therapy will be necessary. The quinolones, ofloxacin and 
ciprofloxacin have been used in combination with rifampin for the treatment 
of staphylococcal infections of stable prosthetic joints. These studies form the 
foundation from which future prospective studies should be undertaken to for- 
mally evaluate the role of parenteral or oral quinolone based regimens with or 
without rifampin for the management of staphylococcal infections. An appro- 
priately focussed use of the quinolone agents will help maintain their viability 
into the future. 
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Introduction 

Patients with cancer who become severely neutropenic (<500 cells/mm^) as a 
result of intensive myelosuppressive chemotherapy are at high risk of devel- 
oping life-threatening infections which can progress to sepsis and death in a 
few hours, unless they are treated presumptively at the first sign of infection. 
This has led to the consensus that empiric therapy, while awaiting culture 
results, must be initiated promptly with the first evidence of a probable infec- 
tion [1,2]. Combinations of antibiotics, preferably an antipseudomonal beta- 
lactam plus an aminoglycoside provide wide coverage, bactericidal activity, 
and potential synergistic effects. While combination therapy may also prevent 
emergence of resistance. To avoid the nephrotoxic and ototoxic potential of the 
aminoglycosides, antibiotic monotherapy regimens such as ceftazidime, 
cefepime, cefpirome, cefoperazone- sulbactam and piperacillin/tazobactam as 
well as imipenem and meropenem have been administered with results that 
appear to be equivalent [2, 3]. 

Since 1988 the fluoroquinolones have been evaluated both as monotherapy 
and in combination with other agents in a number of studies [4-18]. The role 
of the quinolones for infection prophylaxis in the neutropenic host remains in 
dispute despite two recent meta- analysis [19-20]. 

In this review, the current role of the quinolones for both therapy and pro- 
phylaxis in the neutropenic patient is critically analyzed. 



The role of fluoroquinolones in the therapy of the febrile neutropenic 
cancer patient 

In-patient therapy 

The fluoroquinolones, particularly ciprofloxacin, possess some advantages 
that could benefit the neutropenic host. These include bactericidal activity 
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against Gram-negative agents ciprofloxacin being particularly effective against 
Pseudomonas aeruginosa', bioavailability both as oral and parenteral formula- 
tions; a favorable pharmacokinetic profile, relative safety, lacking ototoxicity 
and nephrotoxicity; and a limited need to monitor blood levels since drug dos- 
ing need not be individualized. 

Over the past 15 years a shift in the etiology of infections in neutropenic 
patients has occurred. In most cancer centers, the predominant pathogen has 
shifted from Gram-negatives to coagulase-negative staphylococci and strepto- 
cocci [2]. Even though the Gram-positive pathogens are usually less virulent, 
disseminated intravascular coagulation and the adult respiratory distress syn- 
drome can occur. Predisposing conditions that have been incriminated for the 
reported increase in Gram-positive pathogens include aggressive chemotherapy 
and radiotherapy that injure the oral and gastrointestinal mucosa; increased use 
of intravascular access lines and other invasive interventions; and the use of 
quinolone prophylaxis during neutropenia which selects Gram-positive bacteria 
from the gastrointestinal flora. However, Gram-negative infections remain a 
major concern since they are responsible for a mortality in the range of 20-30% 
and are frequently fulminant. Also, Gram-negatives have re-emerged in centres 
where quinolone prophylaxis has been abandoned [21]. Therefore, therapy 
appropriately directed against the Gram-negative bacteria must remain the cor- 
nerstone of empiric treatment in the febrile neutropenic patient. 

Ciprofloxacin is the most active fluoroquinolone against P. aeruginosa and 
has been studied most thoroughly as a single agent for febrile neutropenic 
patients. Studies using other quinolones are few and reported mostly as 
abstracts. Between 1989 and 1992, 13 studies were published in the English lit- 
erature. In five, ciprofloxacin was used as a single agent; in eight, ciprofloxacin 
was evaluated in combination with other agents (Tab. 1) [14-18]. 

The success of ciprofloxacin in combination with another antimicrobial 
agent appears to be equivalent to that of the “standard” combination regimens. 
In contrast the five studies of ciprofloxacin as a single agent vary widely with 
reported success rates, from 14% to 82%. These differences may be attributed 
to the variability in the proportion of patients with profound neutropenia; dif- 
ferences in the proportion of bacteremic patients; variation in the timing of 
outcomes, i.e., at 48 h, 72 h, or the end of therapy; the previous use of antimi- 
crobial prophylaxis; the maldistribution of underlying conditions; and differ- 
ences in the definition of the outcome “failure.” The main definitions now used 
in clinical studies are those of the National Cancer Institute (NCI), the 
European Organization for the Research and Treatment of Cancer (EORTC) 
and the Immunocompromised Host Society (ICHS) [2]. Pizzo et al. introduced 
the term “success with modification” defined as survival during the febrile 
episode despite the requirement for other antibacterial, antifungal, or antiviral 
agents [2]. According to this NCI definition, success requires survival through- 
out the febrile episode and until neutrophil recovery occurs. Failure equates 
with death. In contrast, EORTC and ICHS criteria differ mainly in that the 
“success with modification” outcome is not accepted. 




Table 1 . Comparative clinical effectiveness of ciprofloxacin monotherapy or in combination to established regimens in febrile neutropenia 
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® Both groups converted to oral ciprofloxacin (500 mg b.i.d.) after 72 h. 

^ Oral ciprofloxacin was given to complete treatment that was started in hospital. 
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The borderline in vitro efficacy of ciprofloxacin against Streptococcus spp. 
and MRSA is of concern. In the EORTC study, patients with solid tumors and 
lymphomas had an overall success rate of 65% when treated with 200 or 
300 mg of I.V. ciprofloxacin twice daily, whereas the overall success rate for 
patients treated with piperacillin plus amikacin was 91% (Tab. 1) [10]. 
Patients with Gram-positive coccal bacteremia had particularly poor out- 
comes. In six of eight patients therapy with ciprofloxacin failed, whereas no 
failure occurred in the corresponding four patients in the comparator arm. 
These poor results caused premature discontinuation of the trial. Also, an out- 
break of bacteremia due to resistant Escherichia coli occurred in neutropenic 
patients during ciprofloxacin therapy [22]. To exploit the 
pharmacokinetics/pharmacodynamics of ciprofloxacin, a study was designed 
in which monotherapy with I.V. ciprofloxacin was prescribed with a dose of 
400 mg thrice daily and compared to the conventional regimen of ceftazidime 
plus amikacin in 263 adult febrile neutropenic patients, most of whom had 
acute leukemia (79%) with neutrophils <100 cells/mm^ (69%) [12]. Only one- 
half the patients in each group exhibited a successful clinical response “with- 
out modification.” Both regimens were more effective against bacteremias due 
to Gram-negative (56.2% for the ciprofloxacin group versus 66.7% for the 
ceftazidime/amikacin group) compared to those due to Gram-positive organ- 
isms where only 35.7% and 23.1% respectively responded. Ciprofloxacin was 
as effective as ceftazidime plus amikacin against P. aeruginosa infections 
(71.4% versus 66.1%). Mortality was similar (5%) in the two treatment groups 
either during treatment or during the follow-up period. The authors conclud- 
ed that monotherapy with ciprofloxacin may be recommended in centres in 
which: (i) infections caused by Gram-positive cocci are less frequent, (ii) 
where prophylaxis with quinolones is not routine, and (iii) where susceptibil- 
ity to ciprofloxacin for the vast majority of Gram-negative pathogens is 
assured. However, the Infectious Diseases Society of America in the 2002 
guidelines for “The Use of Antimicrobial Agents in Neutropenic Patients with 
Unexplained Fever” do not recommend “quinolone monotherapy” for routine 
initial empiric therapy [3]. 

In order to improve activity against Gram-positives, a beta-lactam or a gly- 
copeptide (vancomycin or teicoplanin) has been added and the results support 
their use with ciprofloxacin [17, 18]. In a randomized trial in which 
ciprofloxacin was compared to ceftazidime, teicoplanin was added whenever 
catheter-related infection was suspected [9]. Despite the fact that cure rates 
were not significantly different, eight episodes of breakthrough bacteremias 
due to resistant. Gram-positive organisms occurred in the patients who 
received ciprofloxacin monotherapy. 

Recently Antabli et al. [7] replaced amikacin in the conventional regimen of 
ceftazidime plus amikacin with ciprofloxacin, I.V. 400 mg twice daily. They 
reported a success rate of 99% in 106 patients treated with this regimen. 
However success was defined as survival through the neutropenic period and 
only 61 patients responded without regimen modification. 
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Among the newer broad- spectrum fluoroquinolones with enhanced in vitro 
activity against a wide range of Gram-positives including MRSA, MRSE and 
Pen-R Streptococcus pneumoniae, only clinafloxacin has been studied for 
patients with febrile neutropenia. Clinafloxacin retains the activity of 
ciprofloxacin against P. aeruginosa and other Gram-negative bacilli but is 
more active against Gram-positives and anaerobes. In a double-blind multi- 
centre trial, 541 patients with febrile neutropenia were randomized to receive 
either I.V. clinafloxacin (200 mg twice daily) or I.V. imipenem (500 mg four 
times daily) as empiric monotherapy [23]. More baseline pathogens were sus- 
ceptible to clinafloxacin (99%) compared to imipenem (95%). An initial favor- 
able clinical response occurred in only 32% of patients treated with cli- 
nafloxacin and only 33% of those treated with imipenem but overall response 
with the addition of other antimicrobial agents (mostly vancomycin or an 
aminoglycocide) were similar at 95% and 93% respectively. The authors dis- 
cuss the low initial response rates and accept that in many patients, modifica- 
tions were made despite negative culture results and in the absence of clinical 
deterioration. Although death rates were low at 5% and 7% respectively, it 
should be noted that more Gram-negative infections in the imipenem group 
(15) were associated with death during the study than in the clinafloxacin 
group (5%; p = 0.06). Also more Gram-positive infections were associated 
with death in the imipenem group (13%) than in the clinafloxacin group (0%) 
(p = 0.003). Drug-related skin rash occurred more often with clinafloxacin 
(11% versus 6%) whereas nausea, Clostridium Jij^c//^-associated diarrhea 
and seizures occurred more often with imipenem. 



Oral fluoroquinolones for empiric therapy in the febrile neutropenic 'low- 
risk” patient 

Febrile neutropenic patients have usually been hospitalized in order to start 
empiric broad-spectrum, intravenous, antimicrobial therapy. However, the 
concept of “risk-assessment” at the initial presentation with a febrile illness 
has been introduced. In several studies it has been demonstrated that the dura- 
tion and depth of neutropenia as well as the rate at which the neutrophil count 
recovers, correlates with the frequency of infectious complications. Patients 
with hematologic malignancies and bone marrow transplants in whom the 
duration of severe neutropenia often exceeds 15 days, are at greatest risk. 
Talcott et al. [24] were among the first to recognize well-defined risk groups 
among febrile neutropenic patients. Their model identified the medical risk by 
applying clinical criteria available on the first day of fever and categorizing 
patients into four risk groups as follows: Group 1 included patients with hema- 
tologic disorders and bone marrow transplants who were hospitalized when 
they developed their febrile neutropenic episodes. They were considered as 
“high risk” and had substantial morbidity and an overall mortality rate of 13%. 
Group 2 included febrile patients with concurrent comorbidity (hypotension. 




224 



H. Giamarellou and A. Antoniadou 



altered mentation, respiratory failure, uncontrolled bleeding, dehydration, 
hypercalcemia, cord compression, etc.). Serious complications occurred in 
40% and the overall mortality was 12%. Group 3 included febrile patients who 
had no concurrent comorbidity, but had ongoing poorly controlled cancer. 
Serious complications occurred in 25% of these patients and 18% died. Group 
4 was composed of clinically stable outpatients with responsive tumor, and no 
concurrent comorbidity in whom only 3% developed serious complications 
and none died. Pizzo et al. defined ‘low risk” patients as those who were antic- 
ipated to have <10 days of neutropenia, were hemodynamically stable, and had 
no new pulmonary infiltrates, abdominal pain, nausea, vomiting or mental sta- 
tus changes [25]. These criteria encompass essentially the same patient popu- 
lation as that of Talcott et al. in their group 4 [24]. 

More recently Klastersky and co-workers [26] published a scoring system 
known as the MASCC score (“Multinational Association for Supportive Care 
in Cancer”), which was validated on 756 patients and based on (i) severity of 
symptoms, (ii) blood pressure and fluid status, (iii) comorbidities, (iv) status 
of the neoplasm, (v) age. A score of > 21 allowed identification of “low risk” 
patients with a positive predictive value of 91%, specificity of 68% and sensi- 
tivity of 71%. In the “low risk” patients new therapeutic strategies are nowa- 
days being evaluated to include: (i) hospital-based oral antibiotic therapy; (ii) 
outpatient antibiotic therapy using parenteral and/or oral regimens; (iii) initial 
hospital-based parenteral antibiotic therapy followed by oral therapy with dis- 
charge [27]. This approach except of cost effectiveness has the advantage of 
enhanced quality of life for patients, greater convenience for caregivers, and 
less risk of nosocomial superinfections with multiresistant microorganisms. 

The bioavailability and broad- spectrum activity of the fluoroquinolones, 
particularly ciprofloxacin and ofloxacin made them attractive for oral use in 
febrile “low risk” neutropenic patients. In Table 2 details of representative 
studies treating febrile “low risk” neutropenic patients, either as inpatient or as 
outpatients, with oral fluoroquinolone monotherapy or in combination with 
another oral antibiotic active against Gram-positives is outlined [26-39]. 
“Low-risk” patients with cancer who are febrile and neutropenic can be safe- 
ly prescribed appropriate empiric oral therapy. It is as effective as intravenous 
therapy with response rates of about 95% if the neutropenic episode lasts less 
than 7 days. 

A switch from inpatient parenteral to outpatient oral therapy with oral 
ciprofloxacin (500 mg thrice daily) was studied in 56 febrile neutropenic 
patients who had defervesced within 72 h of parenteral therapy [27]. They 
were eligible for oral therapy if they were able to ingest oral medication, had 
no evidence of organ failure, and were hemodynamically stable. Solid tumors 
accounted for about half of the underlying diseases and the mean duration of 
neutropenia in both groups was 10 days. No significant difference in the 
response rate was observed between patients who continued parenteral antibi- 
otics (either ceftazidime or imipenem/cilastatin) and patients managed as out- 
patients with ciprofloxacin (89% versus 76%). However the high rate of recur- 




Table 2. Summary results of clinical trials with oral fluoroquinolones in “low-risk” neutropenic febrile patients 
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rent fever (24%) in the oral ciprofloxacin group at a mean of 3 days after dis- 
charge, may be due to the fact that patients were not selected for short-dura- 
tion neutropenia. Similarly Giamarellou et al. [12] treated 124 febrile neu- 
tropenic patients following at least 72 h of I.V. ciprofloxacin (400 mg, t.i.d.) 
and then switched therapy to inpatient oral ciprofloxacin (750 mg, b.i.d.) in 82 
patients, with a “successful” outcome in 62 (74.4%). On the other hand, serum 
ciprofloxacin levels after p.o. intake in patients who did not suffer from 
mucositis were found by the same group of investigators to be in the expected 
range, but with rather delayed and prolonged peaks. 

In five studies [30, 32, 34, 35, 37] pediatric cancer patients were admitted 
mostly as “low-risk” patients, with encouraging results (Tab. 2). The issue of 
cartilage injury was studied at a trial at NCI in pediatric cancer patients and 
changes were minimal and reversible and probably unrelated to ciprofloxacin 
therapy [39]. 

The most effective oral regimen studied in adults with febrile neutropenia 
with the least toxicity appears to be the combination of ciprofloxacin plus 
amoxicillin/clavulanate. In the published series most patients were being treat- 
ed for solid tumors and the main prerequisite to enter the study was the pre- 
diction of less than seven days of neutropenia. Further studies are needed 
including redefinition of the “low-risk” model. 



The role of fluoroquinolones for infection prophylaxis in the neutropenic 
patient with cancer 

The majority of patients undergoing intensive chemotherapy develop an infec- 
tion with neutropenia, partially as a result of cytostatic drug-induced lesions in 
the oropharyngeal and intestinal mucosa that serve as portals of entry for the 
“normal GI tract flora” [20]. Due to improved management, mortality has been 
dramatically decreased in these patients. However, persisting infection related 
morbidity has prompted studies with a variety of antimicrobial prophylaxis 
regimens. Aims of successful prophylaxis are the reduction of (i) numbers of 
proven infections; (ii) infection related mortality; (iii) the frequency of febrile 
neutropenia; and (iv) the empiric use of antimicrobials administered for febrile 
episodes. 

Non-absorbable orally administered agents such as aminoglycosides, 
polymyxins and vancomycin were initially used for prophylaxis. Their benefit 
was marginal. Trimethoprim/sulfamethoxazole (TMP/SMX) replaced the lat- 
ter regimens in the 1980s with reduction of the frequency of bacterial infec- 
tions [40]. However, TMP/SMX did not prevent P. aeruginosa infections and 
it was associated with emergence of resistant bacterial and fungal overgrowth. 
As well, it prolonged myelosuppression and caused allergic reactions while 
not improving overall survival. 

The advent of the fluoroquinolones in the early 1980s with their oral 
bioavailability and tolerance plus their activity against Gram-negatives, includ- 
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ing P. aeruginosa, made them possible agents for prophylaxis in the neu- 
tropenic host. In addition, these agents achieved appreciable levels in serum 
and tissues as well as in the lumen of the colon, selectively eliminating aero- 
bic Gram-negatives while leaving anaerobes intact and preserving “coloniza- 
tion resistance.” 

Since 1987 the preventive efficacy of various fluoroquinolones has been 
studied in several trials (Tab. 3) almost all of which were published before 
1995 [41-57]. In most, including the two in which the prophylactic effect of a 
fluoroquinolone was compared to a placebo, a statistically significant reduc- 
tion in the incidence of Gram-negative bacteremias was shown. However, nei- 
ther the incidence of febrile episodes nor infectious mortality was decreased in 
neutropenic patients given ciprofloxacin, ofloxacin, norfloxacin or enoxacin. 
In eight studies, when compared to TMP/SMX, fluoroquinolone prophylaxis 
prevented Gram-negative bacteremia but it did not show an impact on other 
end points such as the incidence of fever, time to first febrile episode, inci- 
dence of microbiologically and clinically documented infections, fever of 
undetermined origin or mortality [48-55]. On the other hand, differences in 
study size, regional epidemiology, patient characteristics and study design 
made the interpretation of the published results controversial. 

Two meta-analysis on fluoroquinolones effectiveness for preventing bacte- 
rial infection in neutropenic cancer patients have been published [19, 20]. In 
the first, Cruciani et al. [19] conducted a two part meta- analysis. Overall, 19 
randomized studies met selective criteria and 2112 patients were included. In 
the first part 13 studies (1155 patients) that compared fluoroquinolones alone 
with control regimens (i.e., TMP/SMX, oral non-absorbable antibiotics or 
placebo) were analyzed. It was statistically confirmed that fluoroquinolones 
decreased the incidence of Gram-negative bacteremia (overall odds ratio [OR] 
0.09; 95% confidence interval [Cl] 0.05-0.16; p < 0.001) but not Gram-posi- 
tive bacteremia (OR, 1.05; 95% Cl, 0.76-1.45; p = 0.7), fever-related morbid- 
ity (OR, 0.76; 95% Cl, 0.56-1.04; p = 0.09), infection-related morbidity (OR, 
0.79; 95% Cl, 0.47-1.34; p = 0.4) and use of empirical antibiotics. 

In the second meta- analysis 18 trials of quinolone prophylaxis in patients 
undergoing chemotherapy for malignancy were included [20]. All studies 
combined evaluated 1408 subjects in total [707 subjects who received prophy- 
laxis with a quinolone (ciprofloxacin, enoxacin, norfloxacin and ofloxacin), 
334 with TMP/SMX and 367 with no prophylaxis]. In agreement with the 
Cruciani et al. meta- analysis [19], it was confirmed that, compared with those 
who received no prophylaxis, or with those who received TMP/SMX, patients 
on quinolones experienced 79% fewer Gram-negative infections (relative risk, 
0.21; 95% Cl, 0.12-0.37) translated into decreases of 35% in microbiologi- 
cally documented infections and 46% in total infections as well as 77% fewer 
Gram-negative bacteremias. However, prophylaxis did not affect the incidence 
of febrile episodes or the frequency of Gram-positive, fungal or clinically doc- 
umented infections, the use of empirical antibiotics or infection-related deaths. 
Norfloxacin appears to be the least effective prophylactic regimen. 
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Despite the well established conclusion that the incidence of Gram-negative 
infections was decreased, several investigators consider this finding to be of 
marginal value. Over the last decade, Gram-positive microorganisms have 
come to predominate in febrile neutropenic infections. Breakthrough Gram- 
positive infections, especially streptococcal bacteremias have been reported 
during therapy or prophylaxis [58]. The efficacy of prophylaxis using the com- 
bination of a fluoroquinolone with a narrow spectrum anti-Gram-positive 
agent was evaluated in seven studies published since 1994 (Tab. 4) [59-65]. In 
the Cruciani et al. [19] second part metanalysis (six trials including 957 
patients) the addition of penicillin V, oral vancomycin, or a macrolide signifi- 
cantly reduced the occurrence of Gram-positive infections including bac- 
teremia (OR, 0.46; Cl, 0.33-0.63; p < 0.001), especially of streptococci, with- 
out effecting the incidence of infection-related mortality (OR, 0.74; 95% Cl, 
0.40-1.38; p = 0.3) or fever-related morbidity (OR, 0.83; 95% Cl, 0.62-1.13; 
/? = 0.2). In three trials ciprofloxacin or ofloxacin was combined with rifampin 
[60, 63, 65]. In two rifampin reduced Gram-positive infections significantly, 
but in the third, the addition of rifampin did not improve the efficacy of 
ciprofloxacin [65]. More studies are obviously required. 

The encouraging results of the initial trials in the late 1980s and early 1990s 
made fluoroquinolone prophylaxis a common practice for patients with pre- 
dictable “long duration” neutropenia. The drawback of this strategy became 
apparent with the emergence of fluoroquinolone-resistant Escherichia coli and 
coagulase-negative staphylococci. Carratala et al. [66] described 35 episodes 
of E. coli bacteremia in neutropenic patients with cancer. Thirteen episodes 
were due to quinolone-resistant strains with MICs of norfloxacin ranging from 
16 to 128 pg/ml and of ciprofloxacin from 8 to 64 pg/ml. Among the variables 
analyzed, prophylaxis with norfloxacin was the only factor significantly asso- 
ciated with the development of quinolone-resistant E. coli bacteremia 
ip < 0.001). The results of the latter study suggested that quinolones used as 
prophylactic agents act as an important selective force to quinolone-resistant 
E. coli in the GI tract. These investigators isolated quinolone-resistant E. coli 
from the feces of 10 of 25 patients with cancer after a mean of 10 days of pro- 
phylaxis with norfloxacin [66]. 

Cometta et al. [67] reported that in 1 1 of 40 bacteremic E. coli isolates, the 
MICs of all currently available fluoroquinolones were >16 pg/ml. These 
strains were isolated from neutropenic patients receiving a fluoroquinolone as 
prophylaxis, whereas a 60% resistant rate to fluoroquinolones in coagulase- 
negative staphylococci isolated from the same population of patients was 
noted. Similarly Kern et al. [22] reported an increasing incidence of fluoro- 
quinolone-resistant E. coli bacteremia in patients with leukemia (59%) most of 
whom had received prophylaxis with ofloxacin. The latter strains proved to be 
of four distinct genotypes, suggesting both the emergence of de novo resist- 
ance and the spread of specific resistant clones among patients. 

Sustained selective pressure on the endogenous gut flora has resulted in the 
discontinuation of fluoroquinolone prophylaxis in many centres. In a recent 




Table 4. Randomized studies of single fluoroquinolone prophylaxis versus combination of a fluoroquinolone plus an antibiotic with antigram - positive activity 
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Study, Delarive et al. [21], reviewed 112 consecutive episodes of prolonged 
neutropenia (median 17 days, range 14-52 days; 62% acute leukemia, 34% 
lymphoma) in Lausanne, before and after discontinuation of prophylaxis in 
adult patients with haematological malignancies at high risk of infection. 
Prophylactic ciprofloxacin and penicillin V was used in 41 episodes of neu- 
tropenia, whereas no prophylaxis was given in 71 episodes. After discontinua- 
tion of prophylaxis, the proportion of Gram-negative bacteremias rose from 
25% to 85% of all bloodstream infections. However, the incidence of bac- 
teremic and clinically documented infections, FUO, median time to first fever, 
duration of fever, antibiotic treatment, length of hospital stay, rate of ICU 
admission, incidence of serious complications and mortality were similar in 
patients with or without antimicrobial prophylaxis. The observed striking 
rebound in the proportion of Gram-negative bacteremias followed by con- 
comitant decrease of Gram-positive bacteremias, supports the view that fluo- 
roquinolone prophylaxis was a critical determinant in the shift to Gram-posi- 
tive infections in the late 1980s and early 1990s. Supplementary to the above 
is the study of Martino et al. [42] who have reported that after the abrupt dis- 
continuation of norfloxacin prophylaxis a rapid increase in the rate of fluoro- 
quinolone-susceptible infections caused by enterobacteriaceae was observed. 

Although the use of fluoroquinolone prophylaxis is associated with a sig- 
nificant reduction in the incidence of Gram-negative infections in neutropenic 
patients, the lack of benefit with regard to morbidity and mortality and their 
association with the emergence of resistance has made their use controversial. 
The 2002 IDSA Guidelines note that the efficacy of prophylaxis would war- 
rant a rating of A-1 from the standpoint of efficacy alone but concerns about 
emerging resistance and the failure to consistently reduce mortality rates leads 
to the recommendation that routine prophylaxis be avoided [3]. 

The newest generation fluoroquinolones like moxifloxacin, which possess 
promising Gram-positive activity, may be studied for future infection prophy- 
laxis regimens. However, any study design should weight the risk of selection 
of resistant pathogens and the probable accelerated loss of these important 
agents from our armamentarium. In the meantime, the identification of sub- 
groups which may possibly benefit from quinolone prophylaxis should be fur- 
ther defined in future studies. 
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Treatment of mycobacteria with fluoroquinolones 

The fluoroquinolones possess in vitro activity against several clinically impor- 
tant mycobacterial species, as well as desirable pharmacokinetic and pharma- 
codynamic characteristics. Furthermore, recent clinical trials have clarified the 
role of the fluoroquinolones in the treatment of mycobacterial diseases. 
Although currently available fluoroquinolones are not regarded as first-line 
agents, they remain valuable alternative agents for these indications in special 
circumstances. 



Mycobacterium tuberculosis 
Drug-susceptible tuberculosis 

Desirable pharmacokinetic and pharmacodynamic properties of the fluoro- 
quinolones include good oral bioavailability, penetration into macrophages, 
and concentration-dependent killing allowing once-a-day dosing [1]. Their 
adverse effect profile and long-term safety in the treatment of tuberculosis in 
adults is also favorable [2], but fluoroquinolones should not be used in chil- 
dren because of potential injury to growing cartilage. Clinical experience with 
the fluoroquinolones in tuberculosis has been greatest with ofloxacin, 
ciprofloxacin, levofloxacin, and sparfloxacin. The in vitro activity of fluoro- 
quinolones does not exceed that of standard first-line agents such as isoniazid 
or rifampin. 

Three randomized, comparative trials reported during the 1990s provide 
insight into the efficacy of fluoroquinolone-containing treatment regimens for 
tuberculosis. In an open, randomized trial of 200 patients in Tanzania with 
sputum smear-positive pulmonary tuberculosis, a regimen of isoniazid plus 
rifampin plus ciprofloxacin (HRC) was compared with the standard regimen 
of isoniazid plus rifampin plus pyrazinamide plus ethambutol (HRZE) [3]. 
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The duration of therapy was 6 months in both groups, and the difference in the 
proportion of HIV-infected patients in the HRC group (32% of 82) and the 
HRZE group (37% of 86) was not statistically significant. After 6 months of 
therapy, all patients in the HRC and HRZE trial arms had negative smears and 
cultures, but among the HIV-infected patients, the HRC regimen took signifi- 
cantly longer to achieve sputum smear and culture conversion (p = 0.02 for 
smear conversion and p = 0.001 for culture conversion). The overall bacterio- 
logic relapse rate 6 months after completion of chemotherapy was 9.3% in the 
HRC group and 0% in the HRZE group (p = 0.005); differences in the relapse 
rate of the HIV-infected and non-HIV-infected groups were not significant. 
Thus this study demonstrated that the sterilizing activity of ciprofloxacin was 
not equivalent to that of pyrazinamide plus ethambutol in HIV-infected 
patients. 

Ciprofloxacin was also evaluated in a double-blind, randomized trial of 60 
patients with pulmonary tuberculosis in India [4]. The first regimen was 2 
months of isoniazid plus pyrazinamide plus streptomycin plus rifampin, fol- 
lowed by 4 months of isoniazid plus rifampin. The second regimen was 2 
months of isoniazid plus pyrazinamide plus streptomycin plus ciprofloxacin, 
followed by 4 months of isoniazid plus ciprofloxacin. In the 24 months after 
completion of chemotherapy, the bacteriologic relapse rate of 16.6% 
(ciprofloxacin-containing regimen) vs. 5.9% (rifampin-containing regimen) 
was not significantly different {p > 0.10), but this small study may have lacked 
adequate statistical power to detect a difference in outcome. 

A third randomized trial assessed the effect of adding levofloxacin to a stan- 
dard induction regimen of isoniazid plus rifampin plus pyrazinamide plus 
ethambutol (HRZE) in HIV-infected patients at 21 centres in the United States 
[5]. The 8-week sputum culture conversion rate was 97.3% for the HRZE 
group and 95.8% for the HRZE plus levofloxacin group (p = 1.00). This sug- 
gests that levofloxacin does not improve the sterilizing ability of a standard 
induction regimen composed of first-line agents. 

Overall, these clinical trials suggest that currently-available fluoro- 
quinolones do not enhance the efficacy of existing first-line regimens and may 
have inferior sterilizing activity in immunocompromised patients. Neither 
does current evidence support the use of fluoroquinolones as first-line thera- 
peutic agents for tuberculosis. However, they do have a role as second-line 
agents with a good safety profile, and can be used to treat patients with mul- 
tidrug-resistant tuberculosis or adverse reactions to first-line agents (Tab. 1). 

Multidrug-resistant tuberculosis 

The efficacy of fluoroquinolones in the treatment of multidrug-resistant tuber- 
culosis (MDR TB) is difficult to assess because there are no controlled trials 
and these drugs are typically added to regimens containing five to six agents. 
Nonetheless, in a retrospective series of 63 MDR TB patients in Hong Kong, 
resistance to ofloxacin was independently associated with bacteriologic failure 
{p < 0.05) in a multiple logistic regression analysis [6]. This finding is corrob- 
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Table 1 . Principles of fluoroquinolone use in tuberculosis 



Principle Rationale 



Always administer fluoroquinolones as part 
of a multidrug regimen containing at least 
three drugs to which the organism is susceptible 

Do not administer a fluoroquinolone when 
resistance to other fluoroquinolones is 
known or suspected 

Use once-a-day high dose administration 
of fluoroquinolones 

Test serum or urine levels of fluoroquinolone 



Fluoroquinolones have less potent sterilizing 
action than first-line agents, so they should 
be added to at least two other agents 

Cross-resistance between members of the 
fluoroquinolone class of agents has been 
documented 

Fluoroquinolones exhibit concentration- 
dependent killing; simplifies treatment 
regimen 

Gastrointestinal absorption is variable; 
killing of mycobacteria is concentration- 
dependent 



orated by a second retrospective series from Turkey of 158 MDR TB patients 
in which successful treatment outcome, defined as negative smears and cul- 
tures on follow-up, was independently associated with absence of previous 
treatment with ofloxacin (p = 0.005) [7]. 

Latent tuberculosis infection 

There are no data to support the efficacy of fluoroquinolones, alone or in com- 
bination, in the treatment of latent tuberculosis infection (LTBI). Current evi- 
dence-based regimens for LTBI in HIV-negative or HIV-positive patients are 
isoniazid for 9 months, or rifampin and pyrazinamide for 2 months, or 
rifampin for 4 months [8]. However, for patients infected with multidrug- 
resistant strains resistant to isoniazid and rifampin, and at high risk of devel- 
oping active tuberculosis, the recommended special regimens based on expert 
opinion are pyrazinamide and ethambutol, or pyrazinamide and a fluoro- 
quinolone (levofloxacin or ofloxacin) for 6-12 months. Immunocompetent 
patients are administered therapy for at least 6 months and immunocompro- 
mised patients are treated for 12 months [8]. 

Concerns have been raised about a higher frequency of adverse events (hep- 
atitis and gastrointestinal intolerance) in patients taking the pyrazinamide plus 
fluoroquinolone combination [9, 10], so the pyrazinamide plus ethambutol 
combination offers a potential advantage. However, there are again no data on 
the efficacy of these special regimens. Fluoroquinolone-based regimens for 
treatment of LTBI are not recommended in children because of concern about 
potential harmful effects on bone growth. 

Mycobacterium leprae 

Considerable progress has been made towards the global eradication of lep- 
rosy. The 10-12 million cases of leprosy in the 1980s were reduced to 1.15 
million cases by 1997 [11]. Because current standard treatment regimens for 
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leprosy require prolonged drug administration and undesirable side-effects 
such as clofazimine-induced hyperpigmentation (which discloses the patient’s 
diagnosis to others), there is ongoing interest in finding new therapeutic regi- 
mens to address these concerns. 

Paucibacillary leprosy 

A major advance occurred in 1997 with the WHO Expert Committee’s accept- 
ance of single-dose multidrug therapy for single-lesion paucibacillary leprosy 
[11]. This oral regimen composed of rifampin 600 mg plus ofloxacin 400 mg 
plus minocycline 100 mg (ROM) administered as a single dose resulted in cure 
rates equivalent to the standard 6-month WHO paucibacillary regimen 
(rifampin 600 mg monthly plus dapsone 100 mg daily for 6 months) in a ran- 
domized, double-blind, comparative trial of 1483 patients [12]. Hence the 
costs of therapy for single-lesion paucibacillary leprosy are lowered and com- 
pliance with treatment is enhanced. The WHO 6-month regimen of rifampin 
plus dapsone remains the preferred treatment for paucibacillary leprosy with 
two to five skin lesions. 

Multibacillary leprosy 

Currently, there are insufficient data on the efficacy of fluoroquinolones in the 
treatment of multibacillary leprosy (more than five skin lesions). Therefore, 
the WHO Expert Committee continues to recommend a 12-24 month regimen 
of rifampin plus clofazimine plus dapsone. However, the WHO Expert 
Committee also endorses the use of ofloxacin in combination regimens for 
patients with multibacillary leprosy who cannot take first-line drugs [11]. An 
adult multibacillary patient unable to take clofazimine may be treated with 
monthly administration of rifampin 600 mg plus ofloxacin 400 mg plus 
minocycline 100 mg (ROM) for 24 months. In addition, an adult multibacil- 
lary patient unable to take rifampin may be treated with daily administration 
of clofazimine 50 mg plus ofloxacin 400 mg plus minocycline 100 mg for 
6 months, followed by daily administration of clofazimine 50 mg plus 
ofloxacin 400 mg or minocycline 100 mg for at least an additional 18 months. 



Non-tuberculous mycobacteria 

According to recent evidence-based guidelines for the treatment of nontuber- 
culous mycobacteria, ciprofloxacin has proven clinical utility for 
Mycobacterium fortuitum pulmonary infections, and should be used as part of 
a two-drug oral regimen for 6-12 months. For serious non-pulmonary M. for- 
tuitum infections, the combination of parenteral amikacin and high-dose 
cefoxitin is recommended [13]. For most other infections due to nontubercu- 
lous mycobacteria, the clinical efficacy of fluoroquinolones remains uncertain. 
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Mycobacterium avium complex 

On the basis of short-term monotherapy trials, ciprofloxacin is considered a 
“second-line” agent for the treatment of Mycobacterium avium complex dis- 
ease in patients with AIDS, and may be added to more efficacious agents such 
as macrolides (clarithromycin or azithromycin) and ethambutol [14]. 
Indications for the addition of ciprofloxacin include adverse reactions or fail- 
ure to respond to first-line agents. In a randomized comparative trial, a regi- 
men containing clarithromycin plus rifabutin plus ethambutol was superior to 
a regimen containing ciprofloxacin plus rifampin plus ethambutol plus clofaz- 
imine in terminating AIDS-related Mycobacterium avium complex bacteremia 
and enhancing survival [15]. 

Research priorities 

There are several important unanswered questions for clinicians who use flu- 
oroquinolones to treat mycobacterial infections. First, further comparative 
clinical trials are required to determine which of the available fluoro- 
quinolones are the most active agents against mycobacteria. Second, as new 
fluoroquinolone agents are discovered, they need to be evaluated against exist- 
ing agents. Possibly, future agents with enhanced bactericidal and sterilizing 
activity will qualify as first-line therapeutic agents. 

Third, the efficacy of fluoroquinolone-containing regimens in the treatment 
of active or latent multidrug-resistant tuberculosis needs to be verified in ran- 
domized, comparative trials. Such studies are also needed for the treatment of 
multibacillary leprosy. 



Brucellosis 

Brucellosis is a zoonosis caused by facultative intracellular bacteria of the 
genus brucella. From in vitro animal and clinical studies three principles of 
brucellosis therapy has emerged [16-18]. Firstly, clinical efficacy in treating 
brucellosis could not be predicted by the in vitro sensitivity to different antimi- 
crobial agents. Second, the treatment of brucellosis, like tuberculosis, requires 
prolonged therapy and with two agents, and thirdly, one of the two agents used 
to treat brucellosis needs to have good intracellular penetration. 

Fluroquinolones, has excellent oral bioavailability, high tissue concentra- 
tion, excellent intracellular penetration, and documented in vitro activity 
against infections caused by intracellular organisms including brucella spp. 
Most quinolones including ciprofloxacin, ofloxacin, lomefloxacin, and 
pefloxacin have moderate in vitro bacterial activity against brucella. Even 
recently produced quinolone like sitafloxacin and clinafloxacin possess excel- 
lent bactericidal activity against brucella spp in vitro but like the other 
quinolones continue to lack comparative clinical efficacy [19, 20]. 
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In experimental animal models, studies have shown failure when 
ciprofloxacin, ofloxacin were used for as long as 21 days [21] and a lack of 
synergy was noted when streptomycin was combined with ciprofloxacin [22]. 

Clinical trials in human employing quinolones monotherapy have yielded 
unacceptably high failure rates ranging from 16% to 66%. These high failure 
rates may be attributed to the two- to 16-fold reduction of the efficacy of 
quinolones against brucella in acidic pH inside the macrophage [23]. Studies 
have shown as well that the use of monotherapy can lead to development of 
resistance and cross-resistance. 

This led investigators to look into the possibility of combining a quinolone 
with another efficacious agent like rifampin. Two clinical trials have been per- 
formed to date utilizing a quinolone (ciprofloxacin or ofloxacin) in combina- 
tion with rifampin in treatment of brucellosis. The first study by Akova et al. 
compared standard therapy of doxycycline and rifampin for 6 weeks in 30 
patients against another group of 30 patients who received ofloxacin and 
rifampin for the same duration. The relapse rate in both groups was around 3% 
[24]. Agalar et al. compared the combination of ciprofloxacin/rifampin fro 6 
weeks in 20 patients with doxycycline/rifampin for the same duration in anoth- 
er 20 patients. The relapse rate in the quinolone combination group was 15% 
vs. 10% in the standard therapy group [25]. 

In summary, fluoroquinolones must not be considered for use as a primary 
regimen for the treatment of brucellosis and until further data are available 
quinolones should not replace the standard two-drug regimen in the manage- 
ment of brucellosis. 



Plague 

Yersinia pestis is a Gram-negative coccobacillus, the causative agent of plague. 
The most common mode of transmission of K pestis to human is by the bite of 
infectious fleas, which cause bubonic plague. However, pneumonic plague 
also occurs. 

Historically, Amikacin has been the preferred treatment for plague. 
Gentamicin, tetracycline and doxycycline are recommended as acceptable 
alternatives. The fluroquinolones has demonstrated efficacy in vitro and in ani- 
mal studies. In vitro data revealed equal or greater activity of ciprofloxacin, 
levofloxacin, and ofloxacin against Y. pestis when compared to aminoglyco- 
sides or tetracyclinee [26, 27]. Ciprofloxacin as well demonstrated superior 
efficacy in animal studies when compared to doxycycline and aminoglyco- 
sides in pneumonic plague [28]. However, there is lack of published clinical 
trials on the use of fluoquinolones in human plague cases. Despite that 
Inglesby et al. recommended the use of intravenous ciprofloxacin (or other 
fluroquinolone) as an alternative to Amikacin in children/adults/pregnant 
women in a setting of contained casuality when plague is used as a biological 
weapon. And oral ciprofloxacin (or other fluroquinolone) in all the above 
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groups in the setting of mass casuality and post-exposure prophylaxis when 
plague is used as a biological weapon [29]. 



Tlilaraemia 

Tularemia is a rare zoonotic disease caused by Francisella tularensis, a fas- 
tidious, aerobic Gram-negative intracellular bacterium. The natural host 
includes rabbits, rodents and squirrels. Human contract the disease mostly 
through mosquito bites or by handling infected animals. Aminoglycosides 
(Streptomycin and gentamicin), tetracycline and chloramphenicol have been 
traditionally considered agents of choice for the treatment of tularemia since 
the 1940s. A drawback of the later two agents is an increased risk of relapse. 
Fluoroquinolones are attractive agents to treat F. tularensis because of its 
many unique properties. These properties include their high tissue levels, pen- 
etration into macrophages and PMNLs, their bactericidal activity; their stabil- 
ity within an acidic environment; and their minimal toxicity in adults. In vitro, 
experimental and clinical data suggest that quinolones may be useful for treat- 
ing tularemia. Syrjala et al. demonstrated that 10 strains of F tularensis have 
in vitro susceptibility to ciprofloxacin, norfloxacin, ofloxacin, and pefloxacin 
[30]. Ikaheimo et al. studied the in vitro antimicrobial susceptibility of 38 
strains of type B F. tularensis. Ciprofloxacin, Levofloxacin, grepafloxacin, 
and trovafloxacin had similar low MIC 90 S of less than 0.05 mg/ml [31]. 
Clinical data available to date suggest that quinolones are an excellent alter- 
native for treating tularemia. Limaye et al. reviewed the English literature 
(1966-1998) and summarized 10 reports of tularemia patients all successful- 
ly cured with orally administered quinolones [32] in contrast to published 
relapse rates associated with gentamicin and tetracycline of 6 % and 12 % 
respectively. 

Chocarro et al. challenged these results with a report of 7/14 patients fail- 
ing oral ciprofloxacin. This poor outcome was related to clinical differences 
between the patient population studied and the fact that Choccarro used 
ciprofloxacin as primary therapy in fewer cases when compared to Limaye et 
al. (42% vs. 80%) [33]. The efficacy of quinolones in the treatment of adult 
tularemia was reaffirmed by Perez-Castrillon et al. when he compared the effi- 
cacy of three antibiotics (Streptomycin, Ciprofloxacin, and doxycycline) in 
treating 142 confirmed tularemia cases. Therapeutic failure among the 142 
patients treated occurred in 32 patients (22.4%). Ciprofloxacin showed the 
lowest frequency of failure and with the fewest side-effects [34]. 

Children with tularemia are often subjected to parenteral treatment with 
aminoglycoside. This is because of the problem of administering tetracyclinee 
and the concern about quinolone causing arhtropathy in immature animals. 
Johnson et al. studied the efficacy of oral ciprofloxacin 15-20 mg/kg daily in 
two divided doses for 10-17 days in 12 children (median age, 4 years; range, 
1 to 10) with ulceroglandular tularemia. In two cases, treatment was with- 
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drawn after 3 days and 7 days because of rash. All children recovered without 
complications [35]. 

It can be concluded that quinolones should be considered efficacious alter- 
nate agents for treating tularemia in patients who do not require parenteral 
therapy or are intolerant of more standard treatment regimens. 



Anthrax 

Anthrax is a zoonotic disease caused by endopores of Bacillus anthracis 
Gram-positive soil organisms. Naturally occurring anthrax can be acquired 
through contact with an anthrax-infected animal or anthrax contaminated ani- 
mal products. In humans three types of anthrax infection occur: inhalational, 
cutaneous and gastrointestinal. Anthrax has been recognized for years as a pos- 
sible biological weapon and as recently as late 2001, 12 cases of documented 
anthrax was diagnosed in the United States as a bioweapon related incident 
with six inhalational and six cutaneous cases [36]. Naturally occurring 
Bacillus anthracis is rarely resistant to penicillin and doxycycline and both 
agents are FDA approved for treatment of the disease. Ciprofloxacin is active 
in vitro, effective in animal models of inhalational anthrax and also FDA 
approved for this indications [37]. Other fluoroqinolones like levofloxacin, 
trovafloxacin, gatifloxacin, and moxifloxacin are also active in vitro against 
anthrax and probably as effective as ciprofloxacin, but lacks the primate effi- 
cacy data and FDA approval. Despite concerns about recently engineered B. 
anthracis strains resistant to penicillin and doxycycline, no information has 
been published on engineering a quinolone-resistant strain. 

The initial therapy for adults with clinically evident inhalational or severe 
cutaneous anthrax is 400 mg of ciprofloxacin given intravenously every 12 h 
to be switched to oral ciprofloxacin 500 mg taken every 12 h for 10 days in the 
case of naturally acquired anthrax and 60 days if the disease occurred in the 
context of bioterrorism [37]. 
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It has been a remarkable journey. Nalidixic acid was first synthesized in 1961 
as a 1,8 naphthyridine by-product of chloroquine production and found to have 
a limited Gram-negative antibacterial spectrum sufficient only for patients 
with urinary infection [1]. Now, four decades later, we have an array of agents 
which appear to be remarkably safe and well tolerated, readily administered 
through both oral and parenteral routes with wide distribution throughout the 
body, with surprising effectiveness for a wide range of bacterial infections. No 
one would have predicted this outcome during the first two decades of 
quinolone history. For those of us who have lived with these molecules 
through their therapeutic evolution, we continue to be surprised and delighted 
with the ability of the pharmaceutical industry to modify the basic molecule 
and manipulate it to achieve major changes in antibacterial activity and 
improve pharmacokinetics. With regard to changing structure and ensuing 
activity and adverse reactions, the basic molecule has proved to be very 
amenable in a way reminiscent of the beta-lactam molecule. 

These substantial gains are not occurring without threats to the ongoing suc- 
cess of this story. 

Real and possible adverse effects have altered the projections of use on sev- 
eral occasions. We still have lingering concerns about the effects of quinolones 
on cartilage development and long-term consequences to normal joint func- 
tion. To date, there has been no evidence that this is important for human pop- 
ulations but studies continue. Poorly understood adverse reactions to several of 
the quinolones have led to their removal from routine use within months of 
their introduction. Both temafloxacin and trovafloxacin were promising agents 
until rare but occasionally fatal complications resulted in their restricted use or 
removal from the marketplace. Fortunately these idiosyncracies have not been 
widely shared among the fluoroquinolones and their use in tens of millions of 
individuals, have not identified other significant adverse reactions that result in 
fatal outcomes. However, vigilance and ongoing surveillance must be main- 
tained. Their use in early pregnancy with the possibility of teratological con- 
sequences remains a concern as well as the alterations to QT intervals, tendon 
ruptures, hypoglycemia, and the acquisition of important allergies. However, 
the overall safety and tolerance of these agents remain one of the features that 
have led to their frequent choice as therapeutic agents throughout the world. 
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The emergence of resistance and its subsequent spread is beginning to pose 
a much more serious threat to their continued effective use. Resistance has 
appeared in almost every instance with widespread use of these agents. In par- 
ticular, the spread of resistant clones among N. gonorrhoeae and S. pneumo- 
niae, are beginning to limit the use of these agents for syndromic treatment of 
genitourinary and respiratory infections respectively. The emergence and 
spread of resistant Pseudomonas aeruginosa and now Enterobacteriaceae and 
methicillin-resistant staphylococci is creating obstacles to their use for institu- 
tionally-acquired infections. The emergence of resistance in enteric pathogens 
is now occurring and will almost certainly alter the importance of these agents 
for acute GI infectious illnesses. 

Could we have prevented and controlled the emergence of resistance with 
widely accepted and implemented antimicrobial practices that would be real- 
istic within the world in which we live? This remains a challenge for the World 
Health Organization and for all of us who worry that antimicrobial resistance 
will overwhelm our abilities to design, manufacture, and distribute new modi- 
fied molecules. 

Our understanding of pharmacokinetics and pharmacodynamics does 
encourage consideration of changes in the strategies we employ to treat 
patients with these drugs. Almost certainly we could use these agents for much 
shorter periods of time with the eradication of the pathogen in otherwise 
healthy hosts. Shorter courses of therapy will lead to less resistance emerging 
because of less antibacterial exposure. Also perhaps initial therapy should be 
routinely substantially increased with a loading dose in order to ensure that 
mutants within a population of microbes are either killed or reduced in num- 
bers to that they do not become the predominant pathogen, and lead to the 
emergence of resistance. Studies that shorten the course of therapy, use dosing 
strategies that prevent emergence of resistance, and determine more precisely 
the adverse effects of these dosing changes, should be a priority. 

Control of these agents likely should have been attempted with an agree- 
ment on and imposition of international guidelines. Their widespread use in 
animal feed for growth promotion has led to the emergence of resistance 
among several classes of bacteria and this is continuing. If we had known then 
what we know now about the evolution of resistance, we would never have 
approved their use in agriculture. Their use in humans for prophylaxis and for- 
mulations with low doses have also been associated with the emergence of 
resistance. As resistance emerges and more active agents are approved for use 
in humans, so will the prevalence of bacteria with first-step mutants that will 
be considered by in vitro susceptibility testing to be susceptible. If we deter- 
mine that first step mutants are in themselves a contradiction to the use of this 
class of antimicrobials, their new testing procedures must be developed to 
detect these isolates. This will require a paradigm shift in our thinking of sus- 
ceptibility testing, that is from testing for pharmacological reasons to testing 
for biological ones. Although our world has a very poor and inadequate histo- 
ry of useful regulatory measures that extend beyond national borders, these 
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will become increasingly necessary and should be a priority. Studies, particu- 
larly from the Scandinavian countries, have definitively proven that antimicro- 
bial misuse is mirrored by development of resistance. 

The quinolones are also not readily destroyed biologically in the environ- 
ment and may persist indefinitely. As a result, the increasing exposure within 
ecosystems to the quinolones may generate additional resistance. This is an 
area which requires further research. 

In summary, what may the future look like? 

- First of all, new molecules will continue to be identified and some of these 
will be effective against pathogens which have emerged as resistant to the 
currently available quinolones. We will need to learn how to use these in a 
way which will delay the process of the emergence and spread of resistant 
pathogens. 

- We will use the quinolones differently. We will usually begin with a load- 
ing dose and prescribe them for a much shorter course that current routine 
use. 

- We will develop more confidence in their use in areas where currently they 
are restricted because of concerns about long-term adverse consequences. 
Their general safety in children and in pregnancy will emerge over time. 

- International and national guidelines for the use of the quinolones as well as 
for other important antimicrobial agents will emerge and their misuse will 
gradually decrease, but not without bureaucracies and impediments that will 
frustrate both the pharmaceutical companies and each of us as prescribers. 

- Parenteral therapy will become less important as the current drugs and their 
successors will prove to be very effective when prescribed orally. 

We predict that by 2010, we will have an additional five or six fluoro- 
quinolones that will augment our current regimens. Hopefully if resistance has 
not emerged to unacceptable levels, these drugs will continue to be among the 
most frequently prescribed, most effective antibacterial agents available for the 
treatment of bacterial infections. 
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